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Abstract 
The demand for precision surgical knives is enormous. Currently, diamond knives have 
been the preferred choice among surgeons for use in precision surgeries, owing to the extreme 
hardness of diamond and the sharpness that can be achieved in single crystal diamond blades, 
but material and processing costs are high.  Bulk metallic glass (BMG) has the potential to be an 
economically-viable material of similar performance for use in precision surgical knives.   
To this end, a novel hybrid manufacturing process integrating thermally-assisted micro-
molding and micro-drawing has been developed for producing BMG surgical-grade knife blade 
cutting edges with edge radii <25 nm.  A hybrid process testbed was designed and used to 
successfully run tests over a range of the key process variables.  Three distinct deformation 
types were observed and were dependent on the balance between necking and elongation 
during drawing.  The amount of necking and elongation was determined by the free volume 
behavior of bulk metallic glass and the formation of nano-crystals.  Both these phenomena were 
found to be influenced by the atomic mobility of the material, which is based on both the 
material temperature and induced strain.   
A second generation hybrid manufacturing process and testbed were developed to 
improve blade straightness, edge radius and repeatability.  The enhancements made included 
symmetric dies, an alignment flexure and force-limited drawing.  Experimental results from the 
second generation process exhibited straight edges with less than 10 µm of deviation across the 
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blades 2mm width and edge radii as low as 14 nm.  Repeatability was also improved with all 
tests generating a viable cutting blade with comparable necking behavior, straight edges. 
Two processes were proposed to enable the manufacturing of multi-facet blades; a 
process based on forces generated by a magnetic field and a process based on multi-stage 
molding.  Initial testing of the magnetic drawing process with a modified testbed revealed low 
forces relative to friction and inconsistent heating and it was concluded that magnetic drawing 
would not be able to produce meaningful results without major changes to the existing testbed.   
A review of previous research on tissue modeling and tissue cutting in terms of analyzing 
blade cutting performance was conducted.  Based on this review, a testbed design and testing 
method was proposed with which to perform extensive analysis of blade cutting performance.  
The proposed method consisted of basic blade characterization, incision testing and wear 
resistance testing. 
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Chapter 1 
Introduction 
1.1 Background and Motivation 
The demand for precision surgical knives is enormous. Considering use in cataract surgery 
alone, the requirements are staggering. Over 10 million cataract surgeries are performed each 
year worldwide and the numbers are expected to increase dramatically as the world population 
over 60 years of age increases rapidly over the next 2-3 decades [1].  Perhaps more significantly, 
many are suffering reduced quality of life in going without this important surgery due to its cost 
[2].  An important part of this surgery is the availability of affordable precision surgical knives to 
perform corneal incisions.  It has been shown that smaller incisions with higher quality blades 
create shorter heal times, less trauma to the eye and smaller chances of surgical complications.   
Diamond has been the preferred material of choice among surgeons for knives used in 
surgeries that require precise incisions like ophthalmic surgeries, owing to the extreme hardness 
of diamond and the sharpness that can be achieved in single crystal diamond blades [3].  
However, the cost of a diamond knife used in ophthalmic surgeries is between $ 2000-3000 [3].  
Further, owing to the mechanical properties of diamond, careful handling of the diamond knife 
is needed to maintain the integrity of the cutting edge.  Natural diamond is expensive, but a 
major portion of the cost for surgical knives is incurred while manufacturing the blade cutting 
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edge geometries, particularly the edge radius.  While alternative processes and materials are 
available, achieving high performance at a low cost is still a problem. 
The manufacture of various blade geometries is further complicated by the fact that 
surgeons require several different and at times customized angles on their diamond knives [3]. 
The techniques for manufacturing the diamond knife cutting edge geometry include mechanical 
lapping, thermo-chemical lapping, chemically-assisted mechanical polishing and planarization 
(CAMPP) and reactive ion etching. All these processes are time consuming and expensive [4-7]. 
While diamond blades excel due to their reusability and superior edge radius, sapphire, 
stainless steel and silicon have been used to make surgical blades.  Sapphire can reach similar 
edge radii to diamond (20-40nm) but only maintains it edge for less than 100 incisions and is 
shown to have high variability between manufacturers.  Stainless steel yields a much larger edge 
radius than diamond blades (~300 nm) due to the limitation of its crystalline structure.  This 
results in poorer cutting performance and longer heal times [8, 9].  Additionally, stainless steel is 
not tough enough to sustain its cutting edge over multiple uses.  Silicon blades can achieve a 
much smaller edge radii (~40 nm) and thus near the cutting performance of diamond [8, 9].  
However, like stainless steel, they do not perform as well over multiple incisions. 
An economically-viable alternative material for precision surgical knives should satisfy the 
following four criteria: 1) it should have a high hardness so that the integrity of the blade edge is 
maintained; 2) the grain size of the material should be such that the desired edge radius (20 – 
50 nm) can be obtained; 3) the manufacturing costs involved in making blades of various 
shapes, sizes and edge radii have to be such that it provides a compelling cost benefit over the 
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use of diamond knives; 4) the material should be bio-compatible.  Bulk metallic glass (BMG) is a 
material that has the potential to meet all the above requirements.  
Bulk metallic glasses were originally discovered in the 1960’s when a binary Au-Si glass 
metal was created. However, not until the early 1990’s have more stable multi-component 
alloys with lower critical cooling rates been found.  Vitreloy-1, developed by Liquid Metal 
Technologies [10], is a zirconium-based bulk metallic glass with the chemical formula: 
Zr41.25Ti13.75Cu12.5Ni10Be22.5.  It is categorized as an amorphous alloy or bulk metallic glass due to 
its chemical makeup and atomic structure.  Vitreloy-1 would traditionally exist with a crystalline 
structure as do most materials.  However, rapid cooling (1 K/s) during solidification from a melt 
allows the material to reach a metastable condition in which the amorphous structure that 
existed in its liquid state is maintained.  Vitreloy-1 has a much lower critical cooling rate to 
maintain its amorphous structure than most metallic glasses, making it usable in a wide range of 
applications. 
Vitreloy-1 is ideal for use as a surgical blade material due to its amorphous structure, high 
strength (1900 MPa) and high hardness (534 HV).  Both the strength and hardness are 
equivalent to standard tool steels and are ideal for the formation and retention of a sharp edge.  
Vitreloy-1 also reaches 2% elongation before failure at room temperature, which is greater than 
similar high strength brittle metals and ceramics.  Zirconium-based alloys have been shown to 
be fully biocompatible [11, 12] and unlike many plastic and silicon instruments, can be sterilized 
with any current medical method.  
Bulk metallic glasses transition to a supercooled liquid state at high temperatures.  This 
supercooled state allows the use of several thermally-assisted methods of manufacturing not 
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usually available to metals and other hard materials.  Vitreloy-1 has a relatively large stable 
supercooled region of about 80K where it follows a time/temperature-dependent relation to 
crystallization.  During this time, the structure of the material slowly reverts to its stable 
structure through crystal growth.  The stable region for Vitreloy-1 is larger than most bulk 
metallic glasses making it an ideal alloy for working in the supercooled liquid region.   
The viscous behavior of bulk metallic glass in its supercooled region has been studied on 
many occasions in terms of its tensile and compressive characteristics as well as its ability to be 
formed on the micro-scale.  The behavior of the material is more similar to glasses and plastics 
rather than comparable hard metals and ceramics.  This creates many possible uses for the 
material in applications that require high strength materials and difficult to manufacture part 
geometries or extensive manufacturing times.  Additionally, materials such as glass and plastics 
have been manipulated on the micro scale in forming biomedical devices and detailed scientific 
instruments such as micro-pipets.  It is therefore believed that bulk metallic glass, specifically 
Vitreloy-1, in conjunction with a novel forming process would be ideal for manufacturing 
precision surgical blades. 
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1.2 Research Objectives, Scope and Tasks 
1.2.1 Objective and Scope 
The objective of this research is to develop a novel manufacturing process to produce 
surgical blades out of bulk metallic glass with edge radii less than 50nm.  This will be 
accomplished using a hybrid process combining thermally-assisted micro-molding and 
thermally-assisted micro-drawing to create the micro/nano scale features of the knife blade 
cutting edge.   
The scope of this research will involve studying the deformation behavior of bulk metallic 
glass in its supercooled region as well as initial experimentation to characterize deformation in 
terms of edge formation.   Research will also be done on molding and drawing processes to 
facilitate the design of a testbed to perform the hybrid manufacturing process.   
Completion of the testbed will allow further evaluation of the hybrid manufacturing 
process in terms of the deformation geometry and edge radius.  Characterization of the 
deformation occurring will allow the best process parameters for edge formation to be found as 
well as understanding of the edge forming process with respect to material characteristics and 
the deformation process.   
This research will concentrate on developing and refining the hybrid manufacturing 
process with respect to three criteria: straightness of the edge formed, repeatability of the 
process, and edge radius.  Both straight and curvilinear/multi-facet blade edge geometries will 
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be considered.  The ultimate goal is to produce strong stable straight edges with radii <50 nm 
using Vitreloy-1 bulk metallic glass. 
1.2.2 Research Tasks 
1. Molding and drawing will be investigated on the micro-scale and in terms of vitreloy-1's 
properties.  These initial investigations will also include testing of different heating methods.  
Experimentation as well as the study of past research will contribute to designing the hybrid 
manufacturing process. 
2. Based on initial work a hybrid manufacturing process involving thermally-assisted micro-
molding and thermally-assisted micro-drawing will be developed and the requirements of a 
testbed to execute this process will be determined. 
3. Based on the hybrid manufacturing process requirements, a universal and adaptable testbed 
will be designed and constructed. 
4. Using the hybrid process testbed, initial experiments will be run to validate the potential of 
the hybrid manufacturing process.  A load cell and video will be used to study the 
deformation involved in edge creation and to facilitate the understanding of the effects of 
important process variables.  This will create a range of desirable test conditions for forming 
strong, stable cutting edges of small radii. 
5. Further enhancements will be made to the hybrid manufacturing process to improve edge 
radius and edge straightness through the use of a symmetric die design, alignment flexure 
and force limited drawing rates. 
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1.3 Outline of this Thesis 
The remainder of this thesis is organized as follows.  Chapter 2 provides a thorough 
literature review of topics relevant to the subject matter of this thesis.  The first section 
discusses current surgical blade designs detailing the materials used, bevel designs, and 
evaluations of cutting performance.  The second section will go into detail on the manufacturing 
methods used to make surgical blades out of different materials.  The third section will go into 
detail on the physical properties of Vitreloy-1 and other similar bulk metallic glasses with 
emphasis on thermal stability and physical properties relevant to surgical blades.  The last 
section will discuss the deformation behavior of bulk metallic glass as well as previous research 
in micro-molding and micro-drawing of bulk metallic glasses and conventional materials. 
Chapter 3 discusses the development and testing of the hybrid manufacturing process.  
The first section outlines preliminary experiments conducted with Vitreloy-1. The second 
section details the design of the hybrid process and construction of a testbed.  The third section 
outlines the first set of experiments tests conducted and the results found.  The last section 
then discusses the effects of test variables on blade formation and material behavior. 
Chapter 4 discusses enhancements made to the hybrid process and testbed and tests 
performed on the enhanced testbed.    The first section discusses enhancements made to the 
hybrid manufacturing process and testbed.  This includes the addition of symmetric dies, an 
alignment flexure, and a modified drawing process utilizing force limitations.  The second 
section discusses the experiments conducted using the enhanced process and testbed.  The 
third section details the experimental results along with improvements to blade straightness 
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and edge radius compared to the results of chapter 3.  The last section details possible 
modifications to the process to allow drawing of different blade profiles. 
Chapter 5 discusses the evaluation of precision surgical blades for tissue cutting.  The first 
section provides an introduction to blade and cutting evaluation.  The second section discusses 
previous studies on the modeling of tissue.  The third section discusses studies on tissue cutting 
evaluation including needle puncture and blade incisions.   The last section details the design of 
a method and testbed to evaluate blade cutting performance. 
Chapter 6 provides a summary of the work completed in terms of a set of specific 
conclusions.  Areas for further investigation are also presented. 
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Chapter 2 
Literature Review 
 The literature review in this chapter investigates the design of precision surgical blades 
and information relative to their manufacture using bulk metallic glass.  The first section 
discusses the current blade designs and materials.  The second section will go into detail on the 
physical properties of bulk metallic glass.  The last section will discuss previous research in 
micro-molding and micro-drawing. 
2.1 Precision Surgical Blades 
For ophthalmology and other detailed surgeries, high quality precision surgical blades are 
required to perform the necessary incisions and ensure fewer complications and faster heal 
times.  In cataract surgery alone multiple blades can be used in each procedure to create access 
necessary for tools and to relieve stress in the eye.  Figure 1 shows the typical procedure in 
phacoemulsification cataract surgery.  The blade is used in step one to create the incision 
necessary to work on the eye.  With the adoption of phacoemulsification cataract surgery 
incisions have become even smaller and in most cases do not require the use of sutures to heal.  
The adoption of micro-incision phacoemulsification and the decreasing size of instruments and 
thus incisions have further increased the demand for smaller higher quality blades.  Additionally 
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many different blade designs and geometries have emerged to meet the preference of surgeons 
and varying tools and lenses. 
 
Fig. 2.1: Steps of typical phacoemulsification cataract surgery *13+ 
2.1.1 Ophthalmologic Blade Uses and Requirements 
 In recent years cataract surgery has shifted to the use of clear corneal single plane 
incisions to create the tunnel necessary to insert the phacoemulsification probe and intraocular 
lens.  This shift has simplified the action required by the surgeon to make the incision 
significantly, as well as, changing the requirements for blades used in cataract surgery.  To 
perform the incision the blade is simply plunged through the corneal membrane of the eye with 
care to create a low angle incision to maximize tunnel length and a watertight seal.  The most 
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commonly used blade designs consist of a multi-facet blade with a diamond like shape meeting 
at a point (Fig. 2.2).  The blade is typically double-beveled but not necessarily symmetric.  Blade 
widths vary from 3.2mm to less than 2mm depending on the size of the lens and probe being 
used.  Blade thickness ranges from 150 µm to 200 µm and is kept as small as possible while still 
providing sufficient support to the cutting edge. 
 
Fig. 2.2: Dimensions (mm) of a typical blade for cataract surgery *14+ 
2.1.2 Blade Materials 
 Precision surgical blades are typically manufactured from stainless steel or diamond, but 
have also been manufactured from sapphire and silicon.  The material chosen ultimately defines 
the strength, sharpness, reusability and cost of the blade.   
Diamond blades are the best performing blades currently available.  Single crystal 
diamond blades exhibit virtually defect free edges with radii <10nm.  However, the 
manufacturing process to produce this edge is time consuming and when paired with the cost 
of single crystalline diamond results in blades ranging from $2000-3000 *3+.  The hardness of a 
diamond blade ensures that the edge is retained even after multiple incisions allowing the blade 
to be used indefinitely.  The strength of diamond also means that blades can be made thinner to 
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reduce incision size without fear of failure.  The brittle nature of diamond does mean that the 
blades must be handled extremely carefully to not allow contact except with tissue and may 
require refinishing if damaged *3+. 
Diamond blades can also be manufactured through a chemical vapor deposition (CVD) 
process producing a material commonly referred to as “black diamond”.  Black diamond blades 
exhibit the superior hardness and edge retention of a typical diamond blade, but lack the 
sharpness and consistency normally associated with a diamond blade (Fig. 2.3)*3, 7, 15, 16+.    
This is in part due to the polycrystalline structure of CVD diamond and inconsistencies produced 
during the growth process.  Quality also greatly depends on the manufacturing process used to 
produce the final edge, and there can be a large variance in finish and edge radius between 
blades and manufacturers.  On average black diamond blades cost around $500 and have edge 
radii from 10-100 nm. 
 
(a)                                                                                                   (b) 
Fig. 2.3: Comparison of edge finish on (a) diamond blade *17+ and (b) CVD black diamond blade *15+ 
Crystalline aluminum oxide such as ruby and sapphire provide a cheaper material 
alternative to single crystalline diamond blades but since they are manufactured using the same 
time consuming lapping process still cost around $300.  Additionally, due to their lower 
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hardness and strength are often made thicker, are more likely to chip, and only last for a couple 
hundred incisions *18+.  Due to their cheaper nature, the variability in manufacturing quality of 
sapphire blades has been found to vary significantly from blade to blade when compared to its 
diamond counterpart *19, 20+.  Typically sapphire blades exhibit edge radii slightly larger than 
diamond (10-20 nm) and a similar blade finish. 
 Stainless steel has been the standard material for non-precision scalpels and is used to 
produce cheap disposable blades for ophthalmologic surgery.  Due to the grain size limitations 
of steel and economic manufacturing processes used, typical edge radii of steel blades range 
from 300-600 nm.  The low hardness and strength values of typical stainless steel also cause the 
edge to degrade significantly over several incisions due to plastic deformation of the cutting 
edge.  This is especially apparent with smaller edge radii and bevel angles, implemented in an 
attempt to increase cutting performance, where the edge can be seen to “roll over” during the 
sharpening process, handling or incision (Fig. 2.4).  
 
Fig. 2.4: Tip defects common in 15° and 30° steel blades *21+ 
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Stainless steel blades are therefore used in only one operation and disposed of 
afterwards, which can be advantageous since it removes any possible complications from 
sterilization *22+.  Steel blades range in cost from only $5 to $20 depending on the quality of the 
blade, but over time their use becomes pricier than diamond blades *3+.  However, their 
disposable nature allows different style blades to be selected for each surgeons preferences and 
a lower investment accompanying changes in procedure *23+. 
Silicon blades are a relatively new addition to the market with the release of the BD 
Atomic Edge *24+. Silicon blades are manufactured using an etching processes derived from the 
electronics market that results in the formation of a very fine edge (~30nm) nearing the cutting 
performance of diamond *9, 18+.  The surface finish achieved is also similar to sapphire and 
diamond blades.  Silicon is much harder than steel but is still not strong enough to retain its 
edge over many incisions and like diamond is likely to chip if not protected.  Designs have been 
proposed to increase the edge retention through various hardened coatings, but the effect on 
blade consistency and performance is untested *18, 25, 26+.  Prices of silicon blades are ~$40 
making it economically viable only if used over several incisions.  Table 2.1 presents a summary 
of the relevant properties of blades manufactured from each material. 
Table 2.1: Properties of blades manufactured from different materials 
Material Cost Material 
Cost 
Manufacturing 
Cost 
Edge 
Radius 
(nm) 
Blade Finish Reusability 
(incisions) 
Diamond $2000 High High <10 Excellent Unlimited 
Sapphire, Ruby, 
Black Diamond 
$400 Medium High 10-50 Good ~100  
Stainless Steel $20 Low Low 300-600 Poor 1-3 
Silicon $40 Medium Low 20-40 Good 1-10  
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2.1.3 Blade Edge Designs 
In addition to a blade’s material, finish and edge radius, blade design plays an important 
role in the cutting performance of a surgical blade.  Figure 2.5 shows a typical catalog selection 
of diamond blades from the Pelion Surgical catalog *27+.  The blades can be seen to exhibit point 
angles of 30° and 45° as well as a crescent blade design.  Along with point angle there are 
variations in the design of the side bevels between dull sharpened and tapered.  Each blade 
design comes in several widths to size incisions based on the instruments and lenses used in the 
operation.  In addition to the arrangement of cutting edges, the design of the bevels can vary 
from blade to blade and helps determine the behavior during cutting and the subsequent 
healing of the wound *23, 28-34+.   
 
Fig. 2.5: Various blade configurations as seen in the Pelion Surgical catalog *27+ 
Eisner details the effects of different blade designs on general blade cutting behavior *30+.  
The sharpness of the edge as well as the bevel angle and overall blade thickness determine the 
relative amount of cutting versus tearing that occurs during the incision.  Higher bevel angles, 
thicker blades and larger edge radii encourage tearing and are therefore limited in blade design.  
Eisner also notes that asymmetric bevel design can be used to influence a blade’s cutting 
direction towards the edge with more resistance or along a designed cutting plane *30+.   
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In recent years with the adoption of clear corneal micro-incisions, the blade design is also 
important in the creation of a watertight wound that does not require sutures *28, 32, 33+.  
Akura *31+ studied the effect of bevel direction on the watertight effectiveness of an incision 
and found that bevel-up designs (Stealth blade in Fig. 2.5 and ref *29, 34+) produce the best 
sealing wound due to the profile of the incision they create in a hemispherical sample (Fig. 2.6).  
Several sources *32, 33+ confirm this design to be preferred for corneal incisions due to its 
wound structure and tendency to deviate towards the surgeon.  The addition of a trapezoidal 
body and side bevels *32, 33+ allows the incision to be widened with a deeper plunge, but also 
are more likely to cause additional damage or unnecessary elongation of the incision *29+.  
Conventional symmetric bevel lance type blades (Fig. 2.5) are still used since when utilized 
properly they create a watertight incision but cut along a straight path and are therefore less 
likely to intersect the conjunctiva when used by less skilled surgeons *31+. 
 
Fig. 2.6: Schematic drawing of incision shape created using (a) bibevel blade, (b) bevel-up blade, and (c) bevel-
down blade.  The incision shape created using the bevel-up blade is determined to have superior watertight 
effectiveness based on criteria from Eisner*30+ *31+ 
The trend in blade design has been to shift towards thinner blades with cutting edges at 
angles of 45° or less.  Bevel angles have likewise been reduced to levels allowed by 
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manufacturing processes and material strength.  These trends are even more prevalent in steel 
blades in an attempt to offset their poorer cutting performance *22, 35, 36+.  The disadvantage 
of this reduction is the lack of support available for the point of the blade which is used to 
initiate the incision.  This can result in increased damage to the blade upon incision as well as 
increased likelihood for the surgeon to misdirect the blade *35+.  Several patents therefore 
describe a blade design that incorporates a reinforced tip *35+ or cutting edges that meet at an 
angle greater than 90° *36, 37+. 
2.1.4 Blade Edge Quality Evaluation 
 When comparing surgical blades of different designs and materials, evaluations must be 
made on both a quantitative and qualitative level.  Several studies *9, 19, 38-41+ have compared 
a combination of silicon, steel, diamond and sapphire blades by performing incisions on cadaver 
eyes and analyzing results under an SEM.  Comparisons were also made through analysis of the 
blade cutting edges *9, 42+ and puncture force *9, 20+.  Figure 2.7 shows incisions made with a 
diamond and steel blade.  The additional cell damage and stress caused by the steel blade can 
clearly be seen when comparing Figs. 2.7a and 2.7b.  In the simple terms, diamond blades tend 
to cut tissue whereas steel blades tear tissue through a shearing process.  This difference in 
cutting mechanisms can be attributed to both the edge radius and blade finish.  The diamond 
blade’s super fine edge radius and blemish free finish allow splitting of the cells with relatively 
no damage.  The steel blade on the other hand is softer, has a significantly larger edge radius 
and a course texture.   
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(a) 
 
(b) 
Fig. 2.7: 
(a) Light (a) and electron (c) micrographs of incisions in the epithelial cells of a rabbit cornea, created by a Micra 
diamond knife. The bar markers are (a) 50 µm,(c) 10 µm 
(b) Light (a) and electron (c) micrographs of incisions in the epithelial cells of a rabbit cornea, induced by a 
Sharpoint steel blade. The asymmetry of the kerfs produced by this treatment is seen in (a) and showed the 
laterality of the surgeon. The stress lines induced in tissue by even new steel blades can be seen (arrowed) in (c). 
The bar markers are (a) 50 µm, (c) 10 µm *38+ 
These traits cause the blade to compress and tear the tissue rather than cut it, inconsistent drag 
and perturbations in the cutting motion due to the finish further contribute to this mechanism.  
The tearing of tissue also makes accurate depth cuts more difficult to perform *38+. 
Figure 2.8 shows further comparison of diamond, steel and silicon (BD Atomic Edge) 
blades according to SEM imaging.  The incision produced with the steel blade again shows 
shearing and damage to the tissue on the edges of the incision whereas the silicon and diamond 
blades create a clean incision.  This can be attributed again to the difference in cutting 
mechanisms due to edge radius and blade finish.  This study further measured the required 
penetration force for each blade type to be 2.1, 40, and 76 N/mm2 for diamond, silicon and 
steel, respectively *9+.  Figure 2.9 shows SEM images taken of both a steel and silicon blade edge 
at high magnification further emphasizing the differences in edge radius and blade finish.   
19 
 
 
Fig. 2.8: Scanning electron microscopy of linear corneal incisions with the three types of blades *9+ 
 
Fig. 2.9: Electron microscopy of steel (left) and silicon (right) edges emphasizing the poor finish and large edge 
radius of steel blades 
In addition to analyzing the cutting performance of each blade material, studies have 
been conducted on the preference of medical doctors *8, 23, 43+.  Fishkind *23+ interviewed six 
prominent surgeons on their preferences for blades and got a wide variety of responses.  Each 
doctor had a preferred knife and geometry dependent on how they performed their incisions.  
This shows the importance of several blade designs to accommodate the individual surgeons.  
Most surgeons did agree that precise control of the incision and high repeatability was very 
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important to making an accurate incision.  Three of the doctors preferred the use of diamond 
blades for their high cutting performance, but steel blades were preferred by the other three 
doctors.  Steel allows different sized blades and geometries to be used for each surgery to 
better match the doctor’s preference and other instruments being used.  A disposable blade 
also removes the concern towards transfer of disease and sterilization.  Lastly, Jeremy Kieval, 
MD, and Carol L. Karp, MD preferred the tactile feedback provided by steel to assist in blade 
control and make corrections mid-incision. 
A study was also performed comparing silicon blades to steel and diamond, by evaluation 
of surgeons at an expo.  Surgeons were asked to rate each blade on a 1-100 rating scale in 4 
categories: sharpness, curvature, smoothness and control *8+.  The test subjects had an average 
of 15 years of experience and performed an average of 30 incisions in the 6 months prior to the 
study.  Figure 2.10 and 2.11 show the mean ratings of silicon normalized to diamond and steel 
respectively.  For example, in Fig. 2.10 the rating for the sharpness of a silicon blade was on 
average 98 compared to the normalized 100 rating for a diamond blade and curvature scored 95 
compared to 100.  Smoothness, control and overall quality scored roughly equivalent to the 
diamond blade.  The survey results emphasize the difference in feel between silicon or diamond 
blades and the much rougher finish of steel.  They also show that in terms of surgeon feedback, 
silicon performs almost equivalent to diamond. 
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Fig. 2.10: The estimated mean ratios and confidence intervals for each characteristic assessed for the silicon 
blade normalized to the diamond blade ratings *8+ 
 
Fig. 2.11: The estimated mean ratios and confidence intervals for each characteristic assessed for the silicon 
normalized to the steel blade ratings *8+ 
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2.2 Manufacturing Processes for Traditional Blade Materials 
2.2.1 Diamond, Sapphire and Ruby 
Hard crystalline blades made from different types of diamond and aluminum oxide are 
traditionally manufactured using a lapping process that can be thermally and chemically 
assisted *5, 7, 15, 16+.  In traditional lapping, the process is similar to that used in the 
production of gem stones and requires monitoring and a skilled operator.  The manufacturing 
process involves initially cleaving the material along rough outlines of the desired shape.  This 
cleaving process is well known to skilled gem cutters and utilizes crystal planes and scoring to 
direct the cleave *44, 45+.  Once the rough shape is produced, grinding and lapping are used to 
manufacture the cutting edge *44+.  Grinding using a fine diamond powder on an iron disk is 
used to smooth out the irregularities formed from cleaving and is similar to the process used to 
polish gem stones.  To produce the final edge, however, a subsequent polishing process is 
necessary.  The polishing process utilizes ultrafine diamond, diamantine or aluminum oxide 
particles with an average size of 1-5 nm achieved through centrifugation of oil suspended 
particles *44+.  Polishing is achieved using a jig and flat, vibration free, polishing wheel driven at 
20,000-40,000 rpm. typically and as high as 400,000 rpm. for the highest quality *44+.  Under 
the control of a skilled operator this process produces defect free blades at 1400-20,000 times 
magnification and edge radii between 2-5 nm. 
More recently several new processes have been experimented with to increase the 
efficiency of blade finishing as well as work with CVD produced black diamond *7, 15, 16+.  Table 
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2.2 shows a listing of various diamond polishing techniques as well as relevant properties to 
their use in manufacturing.  Thermo-mechanical polishing and CAMPP (Chemically assisted 
mechanical polishing and planarization) are the most appealing for blade manufacturing due to 
their improvement in surface finish and processing time while still maintaining low cost and 
bulk processing.  Thermo-mechanical polishing uses a heated (800-900°C) steel or iron plate to 
polish the diamond, relying on diffusion of carbon into the plate to speed up the polishing rate 
compared to traditional lapping.  CAMPP on the other hand relies on the introduction of 
chemicals (KNO3 or KOH) to react with micro-cracks formed during polishing and speed up the 
process.  Both of these techniques however have a higher likelihood of creating a contaminated 
layer on the surface than traditional lapping.  Figure 2.12 shows a comparison of a black 
diamond surface polished using each of the three techniques.   Figure 2.13 shows a collection of 
various diamond grinding and lapping setups.  The typical design consists of a scaif supported by 
high precision bearings (often aerostatic), balanced to have minimal vibration and attached to 
an adjustable motor.  The rest of the machine consists of a sample holder designed to position 
the blade for lapping and provide a predetermined pressure to the surface. 
Table 2.2: Various diamond polishing techniques *7+ 
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(a) (b) (c) 
Fig. 2.12: Black diamond polished using (a) Mechanical lapping (b) Thermo-mechanical lapping (c) CAMPP *7+ 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 2.13: Various diamond lapping setups (a) Thermo-mechanical *15+, (b) Planetary grinding *46+, (c) 
Experimental lapping testbed *17+, (d) Planetary lapping machine *46+ 
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2.2.2 Stainless Steel 
Stainless steel blades are manufactured through several different manufacturing 
processes.  Traditionally stainless steel blades were made through a multi-step grinding and 
honing process that utilized methods such as ultrasonic slurrying, mechanical abrasion and 
lapping *18, 29+.  This process can produce fairly high quality blades but suffers from large 
inconsistencies in blade quality and edge radius.  Additionally mechanical grinding and lapping 
require the repositioning of blades to produce multiple bevels and can be time consuming.  Due 
to the grain size limitations of steel typical edge radii of steel blades range from 300-600 nm 
even when using a fine lapping process.   
More recently the manufacture of stainless steel blades has improved through the use of 
coining and electrochemical polishing *18, 47+.  Coining is a cold forming process typically used 
to produce currency that involves stamping steel into a near-net shape (Fig. 2.14).  Coining 
differs from embossing since it does not involve a constant thickness part and is considered a 
form of cold forging *48, 49+.   Cold forming is beneficial to knife formation due to its tendency 
to reduce grain size and strain harden the material.  Often times the act of cold forming negates 
the need for heat treatment or coatings.  Table 2.3 shows examples of the change in hardness 
and yield strength seen in typical steels after cold forming.  The process is also easy to adapt to 
mass production for efficiency.  After coining the blades are cleaned up and sharpened using an 
electrochemical polishing technique *47+.  Electrochemical polishing creates a more consistent 
edge when compared to lapping but can cause significant pitting increasing surface roughness 
and cutting friction.  The process removes material and sharpens the blade through an anodic 
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dissolution mechanism that favorably acts on peaks and therefore flattens and polishes the 
surface.  Typically blades can be deburred and polished in a matter of seconds using this process 
*47+.  Electrochemical polishing can also be used to create a surface pattern to reduce glare 
from the cutting tool while operating under a microscope *50+.  Different types of hardened 
coatings may also be applied to the steel blade prior to final sharpening to help increase the 
strength and hardness of the blade *29, 50+. 
 
Fig. 2.14: Coining Process *48+ 
Table 2.3: Physical properties of steel before and after cold forging *49+ 
 
2.2.3 Silicon 
Several patents describe ways of producing a silicon blade through various stages of 
etching using different templates and etchants to create geometries and etch along specific 
crystalline planes *18, 25, 26+.  However, only one process has been used commercially to 
produce silicon blades for ophthalmology *18+.  The process uses a combination of machined 
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trenches and isotropic etching and is outlined in Fig. 2.15.  The machining of the trenches is 
performed through the use of a wafer dicing saw, router, ultrasonic machining, or hot forging 
and is used to create the basic geometry of the blade as well as set the bevel angles.  This 
process can be done to both sides of a silicon wafer to create multiple double bevel blades in 
one batch (Fig 2.15a).  Following creation of the trenches, the wafer is submerged in an 
isotropic etchant which uniformly removes material along the machined planes (Fig. 2.15b).  
This etching produces the final cutting edge as well as separating the individual blades from the 
wafer (Fig. 2.15c).  The isotropic etching also removes any surface defects present from 
machining increasing the strength and uniformity of the blade *18+.   
 
(a) 
 
(b) 
 
 
(c) (d) 
Fig. 2.15: Manufacturing process for silicon blades, (a) Dicing operation to create trench and blade geometry, (b) 
immersion in isotropic etchant to remove material along trenches (1410) (c) separation of individual blades 
during etching (d) possible layout of blades on wafer *18+ 
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This process is superior to other proposed designs since it is not limited to geometries defined 
by the etching planes of silicon and does not require multiple etching masks and steps *18+. 
2.3 Bulk Metallic Glass as an Alternative Blade Material 
The current materials used in the manufacturing of surgical blades all have distinct 
limitations based on their material properties.  The hardness and brittle nature of diamond and 
other crystalline materials requires expensive and time-consuming manufacturing processes on 
top of the already high material costs.  Stainless steel and silicon although efficient to 
manufacture do not possess the material properties required to manufacture or sustain a sharp 
cutting edge.  An economically-viable alternative material for precision surgical knives therefore 
should satisfy the following four criteria: 1) it should have a high hardness, strength and wear 
resistance so that the integrity of the edge is maintained; 2) the grain size or structure of the 
material should be such that the desired edge radius (20 – 50 nm) can be obtained; 3) the 
manufacturing costs involved in making knives of various shapes, sizes and edge radii have to be 
such that it provides a compelling cost benefit over the use of other materials; 4) the material 
should be bio-compatible.  Bulk metallic glass (BMG) is a material that has the potential to meet 
all the above requirements. 
2.3.1 Development of Amorphous Alloys 
Up to about the mid 1990’s only crystalline metallic alloys were used by human beings 
*51+.  When a typical liquid metal is cooled at an ordinary cooling rate <1K/s, the liquid solidifies 
into a crystalline structure with long-range scale.  In 1960, Duwez *52+ found that using an 
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extremely high cooling rate ~106 K/s allows the amorphous structure of a liquid metal to be 
maintained at room temperature.  This was discovered using an Au75Si25 alloy designed by 
Duwez’s group.  This discovery prompted the investigation of the synthesis, structure and 
properties of amorphous metals.  Up until the 1990’s however, this investigation was limited to 
materials synthesized using cooling rates on the order of ~106 K/s.  The resulting alloys were 
thus limited to small shapes and sizes (ribbon ~0.02 mm thick, wire ~0.1 mm in diameter and 
powder ~0.02 mm in diameter) *51+.  Any increase in size would result in crystal precipitation 
and a complete loss of material properties.    These initial amorphous alloys also transitioned 
directly into a crystalline phase upon reheating without any evidence of a glass transition or 
supercooled region.  It was therefore believed that formation of bulk metallic glasses with 
critical diameters of several millimeters would not be possible *51+. 
It wasn’t until the early 1990’s that several glass-type alloys with distinct glass transitions 
and supercooled liquid regions were manufactured using bulk form casting processes.  These 
consisted of La, Mg, and Zr based metal-metal alloy systems *51, 52+.  The success in forming 
bulk samples of material exhibiting larger (>50K) supercooled liquid regions created a new class 
of materials referred to as bulk glassy alloys.  Figure 2.16 shows a comparison of the stability 
during cooling of this new class of material compared to conventional alloys and the previous 
amorphous alloys discovered in the 1960’s.  The subsequent investigation of bulk glassy alloys 
has led to the formation of several alloys with critical cooling rates as low as .067K/s *53+.  This 
has allowed the manufacture of ingots with critical diameters on the order of several 
centimeters in various alloy systems and as high as 80 mm for a Pd–Cu–Ni–P alloy *54+.  Several 
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examples are shown in Fig. 2.17 *55+.  Relatively large ingot casting allowed bulk glassy alloys to 
be used in commercial applications starting in the mid 1990’s. 
 
Fig. 2.16: Schematic illustration showing the high stability of the supercooled liquid state for long periods 
reaching several thousand seconds *51+. 
 
Fig. 2.17: Pd-, Ni,- Cu- and Zr-element-based large centimeter-sized BMG. *55+. 
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 Based on the findings during the period up to 1993, three distinct features that defined 
a bulk glassy alloy were proposed: (1) multi-component, consisting of three elements or more; 
(2) significant atomic size mismatch >12% among the three main constituent elements; and (3) 
negative heats of mixing among the three main elements.  Based on these three factors a wide 
range of alloys were developed *51+.  Table 2.4 summarizes the alloys discovered so far based on 
the date of paper or patent introducing the new material.  Once a general alloy system is 
discovered tweaking of the relative atomic weights can be used to maximize supercooled 
regions as well as alter physical properties such as elastic modulus or poison ratio (Fig. 2.18).  
Despite the discovery of several alloys capable of bulk casting only a few are commercially 
available.  Vitreloy, the commercial name for a line of Zr-based bulk metallic glasses developed 
by Liquid Metal Technologies *10+ was the first commercially available alloy and was therefore 
chosen for this study. 
 
Fig. 2.18: Compositional dependence of (a) Poisson’s ratio and (b) Young’s modulus of hypoeutectic Zr–Ni–Cu–
Al10 BGAs. *56+ 
 
32 
 
 
 
Ta
b
le
 2
.4
: 
K
n
o
w
n
 a
llo
y 
sy
st
e
m
s 
th
at
 p
ro
d
u
ce
 a
 b
u
lk
 g
la
ss
y 
al
lo
y 
*5
1
+ 
33 
 
2.3.2 Thermal Stability of Vitreloy-1 
 Vitreloy-1, developed by Liquid Metal Technologies *10+, is a zirconium-based bulk 
metallic glass with the chemical formula: Zr41.25Ti13.75Cu12.5Ni10Be22.5.  Vitreloy-1 was notable for 
its high thermal stability when first discovered.  The material is typically manufactured by arc 
melting the alloys and casting into copper molds within an argon atmosphere *57+.  A DSC scan 
at a heating rate of 20K/min reveals that the glass transition begins at 625 K with two 
crystallization events following at 705K and 735K (Fig. 2.19).  As seen in Fig. 2.19 the 
crystallization of the material is highly dependent on heating rates and can shift up to around 
760K when heated at 200K/min *57+.   
 
Fig. 2.19: DSC scans of Vitreloy-1 at 20K and 200K/min *57+ 
The crystallization of Vitreloy-1 has been investigated significantly due to its importance in 
thermal forming *58-60+.  The precipitation and growth of nano-crystals in bulk metallic glasses 
occurs when the material is annealed for extended periods of time above the glass transition 
temperature.  The elevated temperature allows structural relaxation and atomic mobility 
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allowing the material to rearrange to its stable configuration.  The formation of nano-crystals 
has been found to be both time and temperature dependent *58, 59+.  Y.J. Kim et al. used high 
vacuum electrostatic levitation to experimentally determine the full time-temperature-
transformation (TTT) diagram for Vitreloy-1 *58+.  The results from this study were expanded 
upon and combined to produce the TTT diagram seen in Fig. 2.20 *59+.  The tendency for the 
material to crystallize is limited by the complex arrangement of the amorphous structure as well 
as the relative mobility of individual atoms.  The relative atomic sizes of the elements in 
Vitreloy-1 range from 0.111 nm for Be to 0.160 nm for Zr.  The large variance in atomic radius 
creates few nonequivalent positions in the unit cell and therefore requires large chemical 
fluctuations to form crystalline phases *57+.  The tight packing of different sized atoms also 
means there is a smaller ground state energy difference between the amorphous and crystalline 
structures, promoting thermal stability *61+.   
 
Fig. 2.20: TTT diagram for Vitreloy-1 *58, 59+ 
35 
 
A. Masuhr et al. found that the shortest time to crystallization occurred at 895K with a 
time of about 60s.  This correlates to a critical cooling rate of 1K/s for casting Vitreloy-1.  More 
importantly, at this temperature, the viscosity of the material was 4 orders of magnitude greater 
than Ni at a similar level of super cooling *59+.  The high viscosity represents sluggish atomic 
mobility accounting for the low critical cooling rate and excellent glass forming ability.  The 
stability with respect to working in the lower temperature ranges near the glass transition 
temperature is found to be more dependent on the diffusion of small and medium sized atoms 
and can be described by an Arrhenius-like effective diffusivity *58, 59+.  Therefore, the thermal 
stability of Vitreloy-1 in terms of glass forming is not directly related to its resistance to 
crystallization while elevated above the glass transition temperature. 
 Similar results were seen by G. Wang et al. in a study of the crystallization occurring in 
Vitreloy-1 during annealing at 656K *60+.  Samples were held at the annealing temperatures for 
between 100 and 1140 min and then removed for analysis with DSC, X-Ray diffraction and TEM.  
Figure 2.21 shows the results from DSC scans at a heating rate of 20K/min for each test sample.  
Between the as cast sample and 100 min anneal time there is a disappearance of Tp1 indicating 
that an initial crystallization event has occurred in the 100 min sample.  Comparing the samples 
annealed for 180-360 min we see a general shrinking of Tp2 and Tp3 indicating a partial reaction 
taking place during annealing.  All peaks are relatively nonexistent in annealing times above 780 
min indicating completely crystallized samples.  Endothermic reactions, evident of a glass 
transition, were present in all samples up to 780 min of annealing.   
36 
 
  
Fig. 2.21: DSC curves of as-cast and samples annealed at 
656K *60+ 
Fig. 2.22a: XRD patterns of (a) as-cast and (b) 100 min 
annealed samples *60+ 
  
Fig. 2.22b: XRD patterns of samples annealed for (c) 180 
(d) 240 (e) 360 (f) 780 (g) 1140 min *60+ 
Fig. 2.23: Sized of precipitated crystals as a function of 
time *60+ 
The crystalline phases were then analyzed using XRD to identify their primary 
components.  When compared to an as-cast sample (Fig. 2.22a), the sample annealed for 100 
min showed evidence of the precipitation of an icosahedral phase, represented by Tp1 in Fig. 
2.22 an in accordance with refs *62, 63+.  Further annealing (Fig. 2.22b) shows evidence of the 
growth of two distinct crystalline phases of ZR2Cu and ZrBe2.  Using the Scherrer formula, the 
average size of the precipitated crystals can be estimated and are plotted versus time in Fig. 
2.23 *60+.  The sequence of crystallization events during annealing can thus be summarized as 
follows.  After a short annealing time, 100 min, nucleation begins with the formation of an 
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icosahedral phase.  Upon further annealing this phase acts as a starting point for the growth of 
ZrBe2 crystals which develop rapidly through diffusion of the smallest Be atoms.  This continues 
until the supply of Be is depleted at which point the second crystallization event begins to take 
over and form Zr2Cu.  Due to the much larger size of Zr atoms in comparison to Be, the diffusion 
rates are much slower and thus the crystals require more time to develop.  Upon significant 
growth of the Zr2Cu crystals no evidence of an amorphous structure remains. 
 In addition to annealing it has been found that deformation contributes to the formation 
of nano-crystals in bulk metallic glass *64-68+.  J. Shen et al. performed tensile tests using 
Vitreloy-1 and found an increased amount of crystallization when comparing the neck of a 
sample to its grip.  The increase in crystallization was found to increase with strain (Fig. 2.24) 
*66+.  G. Wang et al. achieved similar results through hot rolling experiments using a similar Zr-
based bulk metallic glass *67+.  It was found that increasing the reduction ratio of hot rolling 
caused increased nano-crystallization in samples.  Due to the short time involved in hot rolling 
this crystallization was assumed to be entirely strain based.  When the material undergoes 
deformation temperature increase by thermal–mechanical interaction and the stress-driven 
enhancement of atomic mobility increase the rate of nano-crystal formation *65, 67, 68+.   
 The growth of nano-crystals is important to understand due to the effect that they have 
on material behavior.  The complete crystallization of a sample results in a highly brittle and 
weak material lacking the unique properties of the bulk metallic glass.  The existence of small 
nano-crystals on the other hand has been shown to alter the behavior and properties of bulk 
metallic glass.  The presence of nano-crystals increased the hardness of the material *67+, as 
well as the viscosity and strength while in the supercooled region *64, 65, 69-72+.  Nano-crystals 
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also alter the flow behavior by essentially creating a metallic composite and limiting 
homogenous deformation, which will be discussed in further detail in section 2.4.2.   
 
Fig. 2.24: Crystallization in tensile specimens *66+ 
2.3.3 Additional Properties of Vitreloy-1 
 In addition to the thermal stability of Vitreloy-1 several other properties have been 
investigated important to working with the material.  M. Yamasaki et al. investigated the 
thermal diffusivity and conductivity with respect to the alloys crystalline counterpart as well as 
other Pd-based bulk metallic glasses *73+.  Figure 2.25 shows the thermal conductivity and 
diffusivity.  Both were significantly lower than their crystalline counterpart and were weakly 
temperature dependent.  The thermal conductivity exhibited a large jump once in the 
supercooled region equaling close to its crystalline value.  The electrical conductivity was 
39 
 
reported at 0.438 (µΩm)-1.  All the above characteristics were lower than other Pd-based bulk 
metallic glasses measured at 300K. 
 Additional thermal analysis was performed by R. Busch et al. through DSC to calculate 
the thermodynamic functions for Vitreloy-1 *74+.  The glass transition temperature and 
crystallization events were both found to be highly dependent on the heating rate emphasizing 
the kinetic behavior of the transitions and their requirement on both time and heat input.  
Figure 2.26 shows a plot of the transition temperatures versus heating rate with a lower bound 
for the glass transition predicted at 560K, which agrees with the theoretical Kauzmann 
temperature *74+.  The study also found that the difference in Gibbs free energy between the 
amorphous and crystalline state stayed small (1.5 kJ/g-atom at 0.8 Tm) even for large 
undercoolings which is likely to be a significant factor in the high thermal stability of the alloy. 
  
Fig. 2.25: Thermal diffusivity and conductivity as a function of temperature *73+ 
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Fig. 2.26: Thermodynamic behavior of Vitreloy-1 with respect to heating rate *74+ 
 Wear studies were conducted comparing Vitreloy-1 to both other bulk metallic glasses 
and GCr15 bearing steel *75, 76+.  In the comparison to other bulk metallic glasses, Vitreloy-1 
exhibited the best wear resistance in unidirectional wear against SUS 304 and comparable wear 
in reciprocating motion against a Chromium coating (Fig. 2.27).  In both tests particles worn 
from the bulk metallic glass were observed to be crystallized and indicated that friction at the 
surface may cause temperatures to increase beyond the glass transition and could be the 
predominant cause of wear *75+.  When compared to GCr15 bearing steel in a roller bearing 
setup, Vitreloy-1 again exceled.  Figure 2.28 shows a comparison of wear on bearing rollers of 
GCr15 and Vitreloy-1 after 3168 min of testing.  The massive pitting and failure of the steel 
rollers is readily apparent whereas the bulk metallic glass shows only the start of pitting when 
observed under SEM. 
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Fig. 2.27: Comparison of the wear rate of the BMGs tested under unidirectional (type A) and reciprocating 
motion (type B) *75+ 
 
Fig. 2.28: Comparison of (a) GCR15 and (b) Vitreloy-1 bearing rollers after 3168 min of rotation testing *76+ 
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2.3.4 Stress-Strain Behavior of Vitreloy-1 
 The stress strain behavior of Vitreloy-1 in its supercooled region has been thoroughly 
investigated *66, 68, 77-79+ as well as other similar bulk metallic glasses *80, 81+.  J. Lu et al. 
performed compression testing on cylinders of Vitreloy-1 across a wide range of temperatures 
and strain rates to characterize the stress strain behavior as well as its relationship to test 
temperature and strain rate.  Figures 2.29 and 2.30 show the results from compression tests of 
Vitreloy-1 across a range of temperatures and strain rates *77+.  Here we can see a distinct 
change in material behavior as temperature is increased past the glass transition temperature.   
At room temperature Vitreloy-1 exhibits brittle failure at around 1860 MPa and a 
relatively high strain of 0.02.  Additional heating up to the glass transition causes only slight 
softening, reducing the brittle failure to around 1600 MPa.  However, as the material enters the 
supercooled liquid region the yield stress drops off quickly.  When looking at the behavior in 
terms of varying strain rate (Fig. 2.30) we see that within the supercooled region the strength of 
the material is highly dependent on strain rate and not just temperature.  Stress-strain curves 
for all but the highest temperatures and lowest strain rates exhibit some degree of stress 
overshoot.   
Figure 2.31 shows the peak stress versus strain rate for several different temperatures.  
Peak stresses as low as 20 MPa were seen for high temperatures and low strain rates which is 
roughly two orders of magnitude less than the room temperature strength of the material.  This 
reduction in material strength is ideal for forming operations in the supercooled liquid region.  
43 
 
Figure 2.31 also emphasizes the drastic reduction in strength over a relatively small range of 
strain rates and temperatures once in the supercooled region. 
  
Fig. 2.29: Compression tests of Vitreloy-1 at various 
temperatures and a strain rate of 1.0x10
-1
 s
-1
*77+ 
Fig. 2.30: Compression tests of Vitreloy-1 at various 
strain rates and a temperature of 643K *77+ 
 
Fig. 2.31: Peak stress during compression testing of Vitreloy-1 *77+ 
 Similar results were found from tensile testing of Vitreloy-1 *66, 68, 78, 79+.  Figure 2.32 
shows normalized stress strain curves for tests from 616K to 676K.  Again there is a distinct 
reduction in peak stress as both temperature is increased or strain rate is decreased.  Peak 
stresses as low as 100 MPa were seen at relatively higher strain rates when compared to the 
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previous compression tests.  In tensile testing strains as high as 1625% were seen and were 
largely limited by embrittlement due to crystallization of the material from extended time at 
high temperature *66+.  It is important to note that in tensile tests there is a rapid drop in steady 
state stress due to necking of the material.   
 
Fig. 2.32: Tensile tests of Vitreloy-1 at (a) 616 (b) 636 (c) 656 and (d) 676K *66+ 
Bulk metallic glass, specifically Vitreloy-1, has been found to exhibit properties ideal for 
use as a surgical blade, notably high strength, hardness and wear resistance.  Additionally its 
amorphous structure puts no limit on the attainable edge radii.  Surgical blades could be 
manufactured from bulk metallic glass using traditional process, but its superplastic behavior 
and amorphous structure make micro-forming an ideal manufacturing method to efficiently 
make the geometry and nano-scale features of a precision surgical blade.   
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2.4 Micro-forming Processes 
Micro-forming is defined as the production of parts or structures with at least two 
dimensions in the sub-millimeter range *82+.  In general micro-forming includes but is not 
limited to micro-extrusion, micro-embossing, micro-stamping, micro-forging, and micro-
drawing.  In terms of blade manufacturing, this research is primarily concerned with micro-
molding and micro-drawing due to their usefulness in creating the near net shape of the blade 
and nano-scale features of the cutting edge. 
2.4.1 Micro-Forming Processes for Traditional Materials 
 In order to predict the capabilities of bulk metallic glass forming on the micro and nano 
scale it is important to look at other materials also being manipulated on this scale.  Vollertsen 
et al. and M. Geiger et al. both provide an overview of the current progress in micro-forming 
*82, 83+.  Metal forming is well suited for the micro-scale due to its advantages of high 
production rates, minimized or zero material loss, excellent mechanical properties of the final 
product and close tolerances, making it suitable for near net shape or even net shape 
production *82+.  Micro-drawing is already used extensively in the manufacturing of micro-wire 
as small as 5 µm and thin foils down to 6 µm *82+.  Figures 2.33-2.36 show examples of micro-
parts created through stamping, extrusion and forging, deep drawing, and embossing 
respectively.  The shift towards miniaturization of macro-scale bulk forming processes 
encounters many scaling issues such as influence of grain sizes, relative increase in surface 
effects, increases in friction and tolerance requirements *82, 83+.   
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Fig. 2.34: Micro-parts manufactured through extrusion 
and cold forging *85+ 
 
Fig. 2.33: Lead frame and inner leads with 150µm 
pitch manufactured through blanking *84+ 
Fig. 2.35: Motor shaft manufactured using deep 
drawing of sheet metal *86+ 
 
 
(a) 
 
(b) 
Fig. 2.36: Embossing using a (a) complex silicon die to manufacture (b) detailed features in various metals *87+ 
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This has in part influenced the investigation into the production of more accurate micro-dies 
with better surface finish *88+.  In general it was concluded that forming of crystalline metals on 
a micro scale encounters many scaling laws that negatively impact the formability of materials 
and decreases the efficiency/capabilities of known macro-scale processes *82, 83+. 
Additional research into micro-forming has concentrated on glasses and polymers due to 
their high ductility and favorable behavior on the micro and nano scale.  Glass has been widely 
manipulated on the micro scale in the production of micro-pipettes.  Micro-pipettes are 
typically manufactured using a two-stage drawing process using several different types of 
actuators including, springs, ac or dc solenoids and pneumatic pistons *89-91+.  The micro-
pipette is drawn from capillaries originally 1 to 20 mm in diameter.  The capillaries are initially 
heated and then drawn using a very low force, the heating is then removed and the force 
increased to cause necking of the pipette.  This two stage process allows control over both the 
diameter and taper length.  Micro-pipettes with diameters <100 nm have been produced, but 
are routinely made on the scale of 1-100 µm (Fig. 2.37). 
Further research has been performed in nano-scale drawing of polymers using both 
micro-pipettes and proximal probes *92-94+.  Harfenist et al. used various nanomanipulating 
instruments to take solvated polymers and simultaneously form them into fibers, adhere them 
to solid supports, and interconnect them in real-time to create suspended fiber bridges and 
networks of specified geometries. Fibers from 50 nm to 20 µm in diameter were drawn 
individually and in parallel using single tips and tip arrays *92+.  Nain et al. performed similar 
fiber drawing in polymers utilizing a micro-pipette to place droplets of polymer and draw fibers  
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Fig. 2.37: SEM image of micro-pipettes formed from drawing of glass capillaries *89+  
 
(A) 
 
 
(B) 
 
(C) 
Fig. 2.38: Various micro-drawing techniques using (a) an afm probe to draw a single fiber*94+, (b) an afm probe to 
create a network of fibers between beads *92+, and (c) a micro-pipette to create bridges between droplets *93+. 
between them in a continuous operation along with utilizing an AFM probe to draw single fibers 
*93, 94+.  Fibers <50nm in diameter were created with polystyrene dissolved in xylene *93+.  
Figure 2.38 shows examples of the different micro-drawing techniques used with polymers. 
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2.4.2 Deformation Characteristics of Bulk Metallic Glass 
The micro-formability of bulk metallic glass is highly dependent on the materials 
deformation behavior in the supercooled liquid region.  Figure 2.39 shows a plot of steady state 
stress versus strain rate for compression tests of Vitreloy-1.  Steady state stress follows a fairly 
linear relation with strain rate, especially at higher temperatures and lower strain rates, which is 
indicative of Newtonian fluid behavior.  At higher strain rates and lower temperatures the 
relation begins to become non-linear as the deformation shifts to non-Newtonian behavior *77+.  
Several studies have developed deformation maps for tensile testing *78, 79+, compression 
testing *77+ and extrusion *95+ detailing the transition between Newtonian flow, non-Newtonian 
flow, and shear localization as well as homogeneous and inhomogeneous deformation.  Figure 
2.40 shows the map obtained by J. Lu et al.  As temperature decreases and/or strain rate 
increases there is a shift from Newtonian flow to non-Newtonian flow and eventually shear 
localization, which is the behavior exhibited at room temperature. 
The deformation of bulk metallic glass is primarily influenced by the development of free 
volumes and the subsequent ability of the material to eliminate these free volumes *66, 68, 78+.  
Free volumes are voids developed through material flow during deformation.  Elimination of 
these free volumes occurs when the mobility of the molecules (structural relaxation) is high 
enough to fill the voids created during flow *66, 77, 96+.  Additionally, the free volume behavior 
of bulk metallic glass is further enhanced by the formation of nano-crystals discussed in section 
2.3.2. 
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Fig. 2.39: Steady state stress versus strain for compression tests of Vitreloy-1 *77+ 
 
Fig. 2.40: Deformation map for Vitreloy-1 *77+ 
In the Newtonian flow regime, the bulk metallic glass exhibits high atomic mobility 
relative to the time scale of deformation.  This allows the material to restructure itself quickly 
eliminating free volumes and distributing stress equally.  This high mobility along with the 
addition of deformation also allows more significant nano-crystallization.  At these lower strain 
rates and higher temperatures, the nano-crystals exhibit significant growth increasing the 
51 
 
strength and hardness of the material.  This creates a strain hardening effect in the deformed 
region stabilizing the material and distributing the stress to the nearby undeformed regions, 
thereby increasing strain *66+.    
As the temperature decreases or strain rate increases, the atomic mobility reduces 
relative to the time scale of deformation.  This means the material cannot fill free volumes as 
effectively and begins to develop consistent voids and stress concentrations.  At this point the 
material shifts towards a non-Newtonian behavior and may exhibit inhomogeneous 
deformation as the free volumes develop into shear planes.  The development of persistent free 
volumes and their subsequent elimination are also cause for the stress overshoots seen in stress 
strain diagrams under these conditions *97+.   In the non-Newtonian regime, nano-crystals alter 
deformation by reducing structural relaxation and homogeneous deformation by inhibiting 
atomic mobility and causing stress localization *66+.   
As temperature lowers and/or strain rate further increases, the material begins to exhibit 
shear localization.  This develops when there is very little atomic mobility.  The result is instant 
formation of free volumes upon application of stress and their subsequent development into 
shear planes and fracture.  Very little nano-crystallization is seen in this regime.  Figure 2.41 
shows examples of tensile test specimens deformed in each regime and their emphasis on the 
drastic change in material behavior. 
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Fig. 2.41: Tensile test specimens exhibiting (a) Initial specimen (b) Shear Localization (c) Non-Newtonian flow 
(necking) (d,e) Newtonian flow *79+ 
2.4.3 Micro-Forming Processes for Bulk Metallic Glass 
 Bulk metallic glass exhibits several properties making it ideal for micro-forming 
applications.  By working in the supercooled region forming operations can create large changes 
in structure with relatively low force requirements.  Additionally, the amorphous structure of 
the material eliminates limits on geometric dimensions due to crystalline size (Fig. 2.42).  Due to 
these advantages there is continuous research in the field of micro-forming of bulk metallic 
glass.    
 
Fig. 2.42: Deformation mechanism and micro-formability of amorphous materials *98+ 
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Research in micro-forming has concentrated in surface finishes and embossing *51, 99, 
100+, grooves *101-103+ and micro-part *104-108+ manufacturing.  Most of this research has 
centered on parts with dimensions in the 100’s of microns with critical features <1um.  A. Inoue 
et al. experimented with anti-reflective coatings as well as diffraction patterns in a Pt-based 
bulk metallic glass.  Imprinting with a porous alumina die was capable of producing nano-pillars 
with diameters of 200 nm and lengths of ~5µm, resulting in a reflectivity below 1% (Fig. 2.43) 
*51+.  Dies made from photo-resist etched Ni were also used to imprint diffraction grating 
patterns onto a glassy alloy producing identical patterning to the original grating.  Minimum 
sizes achieved were 12 nm for one bit and 25 nm for pitch.  9 nm for one bit and 18 nm for pitch 
was achieved using a FIB machined Zirconium die.   
 
Fig. 2.43: Nano pillars produced from indentation with porous alumina die *51+ 
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Saotome et al. investigated the formability of a Zr-based bulk metallic glass using 
triangular grooves and pyramids etched into silicon dies *98, 102+.  The triangle grooves were 
prepared through electron beam lithography and anisotropic etching of silicon with widths 
varying from 1 to 20 µm.  The specimen was then heated and pressed into the groove.  Figure 
2.44 shows SEM images of the die and resulting micro-forged Zr-based specimen as well as 
micro-forged specimens of Al-78Zn fine grained alloy for comparison *102+.  The micro-
formability of the amorphous alloy is seen to highly exceed that of the fine grained crystalline 
material as expected (Fig. 2.42).  For the 1µum width dies, die fill area reached as high as 88% 
and edge radii of the specimen reached ~300 nm.  As the die width increased to 20 µm the 
values changed to 98% and ~2µm respectively.  This was again significantly better than the Zl-
78Zn alloy which exhibited die fill in the range of 70-90%.  Micro-die-forging was investigated 
using a pattern of micro-pyramids etched in silicon.  Figure 2.45 shows the results in a Zr-based 
bulk metallic glass *102+. 
 
Fig. 2.44: SEM images of (a) V-grooved Si die width = 1 µm, (b) micro-forged Zr-based specimen width = 1µm, (c, 
d) micro-forged Al-78Zn fine grained alloy with 2µm and 6µm width respectively *102+ 
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Fig. 2.45: SEM image of pyramids formed from silicon micro-dies in a Zr-based bulk metallic glass *102+ 
Kumar et al. have experimented significantly with micro/nano scale patterning of bulk 
metallic glasses as well as micro-part manufacturing *106, 108+.  Using various die materials 
surface patterns were imprinted on a Pt-based bulk metallic glass with scales ranging from 250 
µm to 100 nm (Fig. 2.46).  Additionally micro-patterning was able to be applied to hemispherical 
surfaces through blow molding, and on both the micro and nano-scale simultaneously through 
die stacking *106+.  Several more unique parts were also manufactured through micro-molding 
(Fig. 2.47) and the methods used to create these parts can be scaled further to create even 
smaller 3d nano-structures on the scale of 10’s of nm and are only limited by the design of 
nano-scale dies and processes *108+. 
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Fig. 2.46: SEM image of surface patterns on a Pt-based bulk metallic glass using dies manufactured from (a) 
Electroplated nickel, (b) Silicon, (c) Pyrolized SU-8, (d-f) Porous alumina *106+ 
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Fig. 2.47: BMG micro parts fabricated using planarization techniques and silicon molds.  (a) Complex gear, (b) 
Spring with thickness = 20 µm, (c) micro-tweezers, (d) micro-scalpels with edge radius = 1 µm, (e) stent made 
from rolled BMG mesh, (f) membrane with 50 µm holes *106+ 
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2.5 Gaps in Knowledge 
 There is a large demand for high precision surgical blades, specifically blades used in 
phacoemulsification cataract surgery.  These blades in turn have very high requirements for 
sharpness and blade design.  In order to meet this demand several blade materials and 
manufacturing processes have been implemented in industry.  The highest performance blades 
are manufactured from single crystalline diamond using a multi-stage grinding and lapping 
process.   Diamond blades are essentially defect free, have edge radii <10nm and do not suffer 
wear from repeated incisions, however they range in price from $2000-3000.  Some doctors and 
hospitals therefore prefer the use of cheaper disposable products in which case lower quality 
steel blades or slightly more expensive silicon blades are used.  When comparing blades of each 
material there are specific limitations to each and no one material can be claimed to be the best 
for every surgeon and situation.  The ideal material would exhibit: a high hardness, strength and 
wear resistance to maintain a sharp cutting edge, a grain size or structure such that the desired 
edge radius (20 – 50 nm) can be obtained, and an economically viable manufacturing method.   
Newly developed amorphous alloys commonly referred to as bulk metallic glasses exhibit 
the characteristics necessary to be a viable alternative material for manufacturing precision 
surgical blades.  Bulk metallic glass, specifically Vitreloy 1, exhibits very high strength (1900 
MPa), hardness (534 HV) and wear resistance making it ideal for forming and maintaining a 
strong stable cutting edge.  Additionally the material exhibits an amorphous structure and a 
large supercooled region (625-705K) allowing micro-forming of the blade geometry and edge to 
manufacture blades in bulk and reduce costs.   
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Of the micro-forming processes in use, micro-molding and micro-drawing are the most 
relevant to blade formation.  Micro-molding is capable of forming a wide range of micro-parts 
out of BMG and has been used in several cases *102, 106+ to form blades and edges, but these 
exhibited radii in the range of 300-1000 nm, well above the requirements for a precision surgical 
blade.  On the other hand, micro-drawing has been successfully applied to glass and polymers 
to create pipettes with critical dimensions under 100nm and thin strands in the range of 20-
50nm.  Despite this micro-molding and micro-drawing have not been exploited together to 
create a micro-scale geometry with nano-scale features in bulk metallic glass.  It is therefore 
believed that a process combining thermally-assisted micro-molding and thermally-assisted 
micro-drawing could efficiently produce blades out of bulk metallic glass with sharpness and 
wear resistance nearing that of a diamond blade. 
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Chapter 3 
Development and Testing of a Hybrid 
Manufacturing Process 
Based on the analysis of current surgical blade designs and materials it is believed that 
bulk metallic glass has the potential to be an economically viable alternative material for 
manufacturing precision surgical blades.  Furthermore, the unique properties of bulk metallic 
glass lend themselves to the use of a novel manufacturing process in order to create the nano-
scale features of precision surgical blades at reduced cost.  In this chapter a new hybrid 
manufacturing process combining thermally-assisted micro-molding and thermally-assisted 
micro-drawing to make surgical-grade knife blade cutting edges with edge radii <50 nm from 
bulk metallic glass is described.   
The remainder of this chapter is outlined as follows.  Section 3.1 will describe 
experiments leading up the design of the hybrid manufacturing process.  Section 3.2 will detail 
the design the hybrid manufacturing process and the construction of a testbed.  Section 3.3 will 
detail the experiments conducted using the designed testbed and section 3.4 will analyze the 
experimental results with specific attention to edge formation and the underlying causes of 
deformation behavior. 
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3.1 Preliminary Experiments in Micro-molding and Micro-
drawing of Bulk Metallic Glass 
Based on previous research *98, 102, 106+, thermally-assisted molding was proposed as a 
method for making BMG samples suitable for processing of the cutting edge radius by 
thermally-assisted drawing.  To test the viability of this hypothesis, molding dies were designed 
to create a simple blade test specimen.  Figures 3.1a and 3.1b show the mold manufactured 
from 4130 steel and Fig. 3.1c shows a test piece molded with both a 20 and 70 degree rake face 
meeting at a necked section.  Heating was accomplished through embedded resistive heaters 
and controlled through a PID temperature controller.  Once preheated to 670 K, bulk metallic 
glass is placed within the mold, and pressed until the final geometry is achieved.  This first mold 
demonstrated the feasibility of molding to create the initial geometry of test specimens.   
Further experiments were designed to determine the feasibility of thermally-assisted 
drawing as a method for creating the nano-scale features of the cutting edge as well as to better 
understand the deformation characteristics of BMG.  This approach was based on prior research 
on the small scale features capable of being produced through drawing along with the fact that 
necking during drawing naturally decreases the thickness of a sample allowing failure to occur 
along an edge of small radius.  Figure 3.2 shows side views of samples created by slotting a 
piece of BMG using micro-endmills to create a necked region of 150 µm (circled) to concentrate 
stress for localized drawing. 
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(a) 
 
(b) 
 
(c) 
Fig. 3.1: Molding process for knife edge blanks; (a) Mold for Blank Manufacturing; (b)Close-up of mold features, 
(rake faces denoted by arrows); (c) Molded Rake Faces 
 
 
(a) 
 
(b) 
Fig. 3.2: Drawing Test Samples: (a) Notched sample; (b) Sample with dual slots and current 
diagram 
20° 
70° 
63 
 
Drawing tests were performed on a 3-axis micro-mill by Microlution Inc.  Sample mounts 
were placed on the XY stage and Z stage and the Z-stage was used to perform drawing (Fig. 3.3).  
Samples were heated to within the supercooled region (660-670K) and drawn at feedrates from 
1-200 µm/s with a limit on the maximum force allowed.  Force was limited by writing a program 
for the motion controller that monitored the maximum current sent to the linear motors of the 
Z-stage.  The temperature range was chosen to allow deformation at relatively low forces, but 
not allow crystallization.  The feedrate/strain was kept low to allow homogeneous deformation 
rather than strain localization (see section 2.4.2).  Heating was done through two separate 
methods.  Initially, the heat was generated by running a current across the width of a sample 
between two necked sections (Fig. 3.2b).  The resistance of the material generated heat within 
the center section raising it to within the supercooled region and allowing deformation.  
Temperatures were monitored using an infrared camera focused on the sample (Fig. 3.3b).  
With this process, since heat was added at a constant flux to a dynamically changing geometry, 
temperature control was very difficult. While using this heating method, preventing 
crystallization proved unsuccessful.   
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Fig. 3.3: Drawing Setups on Microlution 3-axis mill; (a) Tin bath; (b) Resistive heating 
A second set of tests were run using a constant flux heating method, specifically, contact 
with a molten tin bath (Fig. 3.3a).  This allowed the temperature to be very precisely controlled 
and prevented the temperature of the sample from exceeding that of the bath.  Slotted samples 
were again used with a starting thickness of 150 microns.  Drawing was done at a feedrate of 
200 µm/s.  The maximum force available was limited to 15N to limit drawing before the sample 
reached sufficient ductility.  The sample was kept at a temperature of 660 K.   Samples 
deformed uniformly drawing to a very thin section before failure (<1 µm).  The result is shown in 
Fig. 3.4a.  The sample in Fig. 3.4a deformed as shown in Fig. 3.4b.  By machining a 1.5mm slot, a 
narrow section of material (1.5mm x 10mm x 150 µm) was produced for thermally-assisted 
A 
B 
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drawing.  Due to the large volume of heated material (dotted section) and a lack of a stress-
concentrating notched section, the sample deformed to an extreme length prior to failure.  This 
is clearly undesirable. 
 
(a) 
 
(b) 
Fig. 3.4: Drawing of sample with starting slot 1.5 mm wide; (a) Final sample geometry after drawing (top view); 
(b) Deformation geometry with mesh denoting section heated to supercooled region(side view) 
Figure 3.5a shows the geometry of a second set of specimens manufactured using the 
molding process described earlier.  This process created two rake faces meeting in a stress-
concentrating necked region (circled) 100 microns thick, intended to improve deformation 
geometry (see Fig. 3.5a).  These samples were run with a 20 µm/s feedrate, a limit on the 
maximum force of 15N and at a temperature of 660 K.  The new sample geometry deformed 
much less than that of the straight slot (Fig. 3.5b vs. Fig. 3.4a), but still drew a significant 
amount of material from the rake faces before failure.   For both sets of tests, the starting 
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thickness (100-150 µm) was significantly larger than the thickness at failure (<1µm).  This 
allowed the material to elongate significantly and create a thin section. 
  
 (a)   (b)  
Fig. 3.5: Sample with rake face; (a) Initial Geometry; (b) Sample Failure 
The thermally-assisted drawing experiments conducted were capable of creating very thin 
sections, but did not exhibit a mode of deformation sufficient to create a strong and stable 
edge, viz., the material elongated significantly prior to failure (Fig. 3.6).  Additional process 
control would be necessary to produce the desired edge.  This could be done through more 
localized and controlled heating and/or different specimen geometries in the notched region. 
 
Desired deformation geometry Actual deformation geometry 
Fig. 3.6: Deformation geometry during drawing 
Summary: Experiments were performed in micro-molding and micro-drawing.  Micro-
molding *102, 106+ was found to be a viable method for efficiently generating the initial 
67 
 
geometry suitable to support a strong stable edge, but did not appear to be capable of 
producing the required edge radii of <50nm.  Thermally-assisted micro-drawing was found to be 
capable of creating very small features, viz., the edge radius, but did not produce the geometry 
necessary to support the cutting edge.  Therefore, it was concluded that a process combining 
thermally-assisted micro-molding and thermally-assisted micro-drawing would be necessary.   
3.2 Hybrid Manufacturing Process and Testbed 
Figure 3.7 schematically outlines the proposed hybrid manufacturing process.  Steps 1-3 
involve molding the rake face and initial geometry of the blade.  The dies are heated to a pre-
specified temperature within the supercooled region of BMG prior to the beginning of the 
micro-molding process.  At step 3, the upper die is stopped when the remaining material 
thickness is around 20 µm.  Steps 4-6 show a detailed view of the subsequent micro-drawing 
operation.  The BMG sample is drawn to the right, causing the sample to deform plastically until 
it fails along a sharp edge.  The material to the left in step 6 is the final blade. 
When initially proposed the process involved drawing of the blade to the left rather than 
drawing the extra material on the right (Fig. 3.7).  After preliminary testing however, the process 
in Fig. 3.7 was adopted.  The blade portion on the right had a tendency to adhere to the dies 
due to the acute angle of the rake faces and also possibly due to poor surface finish on the die.  
This would result in elongation of the entire blade rather than failure along the desired edge.  
The change in drawing direction was altered by simply rotating the upper die. 
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Fig. 3.7: Hybrid manufacturing process (final blade on left) 
In order to perform experiments on the hybrid process a testbed was created according to 
the following design considerations:  
1. Mold error must be minimized: Flatness of ± 500 nm on both the top edge and bottom 
face is desired to allow thicknesses as small as 1 micron to be molded. 
2. 1000N Force required to mold rake face: Even at temperatures within the supercooled 
region it still takes significant force (1000N) to deform the material across a large area. 
3. Capable of heating to 670+ Kelvin: This is the working temperature for Vitreloy-1 in the 
supercooled liquid state. 
4. Precise measurement of gap thickness: In order to mold to thicknesses of a couple of 
microns, resolution on the position of the upper die must be <1 micron. 
5. Precise control of drawing process: During the lateral drawing process, the sample 
movement should be precisely controlled.  A horizontal stage resolution of less than 1 
micron is necessary to have smooth velocity feedback. 
Figure 3.8 shows a schematic outlining the basic testbed design.  The upper die is 
controlled during micro-molding by a ball screw actuator capable of outputting over 1000N of 
force.  An LVDT providing feedback to the process controller is used to measure the gap 
between the upper and lower die with a resolution of 100nm.  A second actuator with sub-
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micron precision is used to draw the BMG sample.  This actuator has an adapter plate that 
allows mounting of the BMG sample and contains a load cell.  The critical geometries of both 
the upper and lower dies utilize tool steel inserts for maximum strength, higher precision and 
easy maintenance (Fig. 3.9).  The lower die is adjustable to allow precise alignment of the upper 
and lower dies to create a uniform gap thickness during molding.  This is accomplished by 
mounting the lower die to a pin (Fig. 3.10a).  Rotation about this pin allows the lower die to 
align itself with the upper die removing any misalignment errors due to insert mounting, 
machining tolerances and heat effects.  Once aligned, the lower die can be clamped in place to 
prevent shifting during molding.  The upper die is designed to produce a 20° rake angle in the 
final blade (Fig. 3.10b).   
 
Fig. 3.8: Schematic of hybrid manufacturing process testbed 
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(a) (b) 
Fig. 3.9: (a) Upper Die and; (b) Lower Die; Tool steel inserts are circled 
Heating is accomplished through resistive cartridge heaters placed within the upper and 
lower dies.  Thermocouples are placed close to the die inserts to provide accurate temperature 
measurement.  Temperature is regulated using a multi-channel PID controller providing an 
accuracy of ±1K.  The testbed is CNC-controlled.  Table 3.1 lists the components used in the 
testbed design.  Figures 3.11-3.14 show images of the constructed testbed and Table 3.2 details 
the operating procedure for conducting a test.  Program code can be found in the Appendix. 
  
(a) (b) 
Fig. 3.10: (a) Mounting pin for lower die (removed) and (b) Mold profile showing meeting of upper and 
lower die inserts to form rake faces 
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Table 3.1: Components used in testbed 
Molding Actuator Festo DNCE-63-100-BS-"10"P-Q stage with EMMS-AS-70-M-RSB 
motor and CMMP-AS-C5-3A single axis controller 
Drawing Actuator Aerotech ATS100-050-U-20P-NM-NC-9DU-STD stage with BMS60-A-
D25-E1000ASH motor and SOLOISTCP10-MXU single axis controller 
CNC Controller Automation Direct DirectLogic 06 with analog input module 
Temperature Controller Watlow EZ-Zone PM with 2 PID Loops and 15 A No-Arc Relays 
LVDT Macrosensors BBP-315-040 LVDT with DMI-A1-110 display and 
conditioner 
Heaters Generic cartridge heaters 1x(1/4”x1”x100W) 3x(1/4”x1.5”x200W) 
2x(3/8”x1”x150W) 1x(3/8”x1.5”x250W) 
 
 
Fig. 3.11: Overall layout of testbed 
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Fig. 3.12: Layout of actuators and dies 
 
Fig. 3.13: Controller layout and remote 
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Fig. 3.14: Detailed layout of dies and heaters 
Table 3.2: Testing Procedure 
Step Action Comments 
1 Mount test specimen in holder allowing 
significant length to insert into dies 
 
2 Turn on power to controllers and heating 
circuit and allow temperature readings to 
stabilize 
Temperature controller will automatically start heating 
setup to last specified temperature.  Adjust if necessary 
3 Make sure enable switch for molding 
actuator on side of machine is on (May 
require switching of and back on, red 
buttons can be used to jog stage if 
necessary) 
 
4 Switch the Direct Logic controller to run on 
its front panel 
Display should show “Waiting for command” or “Stage in 
Motion” 
5 Insert 500 µm shim between dies, Press H 
on remote, (remove shim once homing is 
completed) 
Molding actuator will begin homing operation which 
involves jogging down until contact is made with lower 
die or shim.  Once completed it will automatically return 
to starting position 
 
 
 
 
 
Upper Die 
 
Heaters 
 
 
 
Lower Die Insert 
 
Lower Die 
 
BMG Sample 
 
Sample Mount 
 
LVDT 
 
 
Heaters 
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Table 3.2 (cont.) 
6 Open software for drawing actuator (soloist 
controller) and open drawing program 
 
7 Set parameters for drawing feedrate and 
force and run program 
Drawing stage will home itself upon start of program 
8 Reinsert shim between dies, Press C on 
remote 
Molding actuator will begin to calibrate itself by coming 
into contact with shim and resetting coordinate plane.  
Direct Logic Controller will display “Cal Press R to accept” 
along with the raw output from the LVDT 
9 Wait for reading on Direct Logic display to 
stabilize and Press R (Remove shim when 
complete) 
Once R is pressed molding actuator will return to starting 
position calibrated for the following test 
10 Using soloist software jog the drawing 
stage to insert the sample into the dies use 
camera feedback to set correct distance 
 
11 Press M on remote Molding will be initiated, molding occurs in two stages 
with a low force on the first stage to initiate contact 
without damaging dies.  The Direct Logic controller will 
display the current stage.  Once stage two is reached the 
calculated gap thickness will be displayed in real-time. 
12 Once the gap thickness displayed has 
stabilized (molding has stopped), Switch 
the remote from STOP to PULL 
The drawing operation as defined in the drawing program 
will be initiated.  If it is desired to stop the operation turn 
switch back to STOP 
13 Once drawing has finished, Press R and jog 
the sample the rest of the way out of the 
die if necessary 
The molding actuator will be returned to starting position 
14 Remove final blade from dies  
8-14 To repeat tests using the same drawing 
parameters perform steps 9-15 
 
7-14 To repeat tests with new parameters 
perform steps 8-15 
 
3.2.1 Test Sample Preparation 
In order to run tests on the hybrid testbed, a standardized test sample was created (2mm 
x 40mm x 500µm).  Prior to micro-molding steps were taken to manufacture samples of the 
correct dimension.  Figure 3.15 schematically outlines the manufacture and use of test samples.  
Material is purchased in oval blanks roughly 40mm x 70mm x 1.5mm.  This material is machined 
into 40mm x 2mm x 500µm strips by first facing the oval blanks to the correct thickness and 
then cutting slots to create the strips (Fig. 3.15a). By running a test 3mm of material is removed 
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from the end during the drawing process to create the blade (Fig 3.15b).  Subsequent tests can 
be run along the length of the test sample creating multiple blades from each strip (Fig. 3.15c).  
To speed up the manufacture of test blanks, a molding operation was designed to replace the 
machining of strips from the bulk material purchased (Fig. 3.15a)  Figure 3.16a shows the mold 
designed with a slot and punch (circled) used to shear a strip from the bulk material and reduce 
it to the correct thickness.  A resulting sample, manufactured with the mold in Fig 3.16a, used 
for testing is shown in Fig. 3.16b.  It was later determined to revert back to machining of the 
strips to eliminate any partial crystallization caused by the molding operation. 
 
Fig. 3.15: Test sample design; (a) Strip machined from bulk material; (b) Blade forming process; (c) Resulting 
blade and projected use of test sample to create more blades 
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(a) (b) 
Figure 3.16: Blank creation for hybrid process, (a) Mold for sample creation, (b) resulting samples 
3.3 Experimental Investigation  
3.3.1 Experimental Design  
Using the hybrid process testbed, experiments were conducted across five drawing 
feedrates (100, 250, 500, 750, and 1000 µm/s) and three temperatures (650, 660 and 670K) to 
study the deformation of BMG within its supercooled region and to determine the best 
conditions for blade edge formation.  Based on preliminary experiments over a wider range, the 
above feedrates were chosen to study deformation relevant to edge formation.  Tests above 
670K could not be reliably performed without crystallization and at tests below 650K the 
material approaches the behavior of a standard metal, which is not desirable here *77+.   
During the micro-molding stage, the upper die was stopped at a gap thickness of 20 µm 
for all tests.  Using a 500N load cell, drawing force data was recorded to quantitatively analyze 
the deformation occurring in the sample.  Additionally, a camera with a 200X microscope lens 
was used to provide a video record of each test in order to help visualize the deformation 
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occurring during the test.  In order to perform a test, the steps outlined in Table 3.2 are 
performed. 
3.3.2 Force Data  
Figures 3.17-3.19 show the load cell force data from each test at the three different 
temperatures.  The force is plotted versus the drawing distance.  Drawing distance is used to 
represent strain in the sample, since exact elongation was difficult to measure.  The variation in 
force is due to the combined strain rate and temperature dependence of bulk metallic glass 
within its supercooled region.  The material exhibits higher strength at both lower temperatures 
and higher feedrates.  As feedrate increases, the peak force for all the temperatures increases, 
but the drawing distance until failure quickly decreases.  Additionally, as the feedrate increases 
the shape of the plot shifts from an almost flat line, to a gradual drop off, to eventually a quick 
rise and fall at the highest feedrates and lowest temperatures.  Due to the dependence of the 
material properties on both temperature and strain rate, it is possible to realize similar force 
responses at different combinations of temperatures and feedrates, e.g., compare the plot of 
500 µm/s at 660K, with 100 µm/s at 650K. 
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Fig. 3.17: Force vs. drawing distance for 650 K 
 
Fig. 3.18: Force vs. drawing distance for 660 K 
 
Fig. 3.19: Force vs. drawing distance for 670 K 
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3.3.3 SEM Imaging of Test Results 
In addition to the force and video data captured during each test, a JEOL 6060LV SEM 
was used to image each test result.  This was done to both study the deformation during the 
test by observing blade shape and material flow as well as qualitatively analyze the edge 
produced.  From Fig. 3.20, the type of deformation and quality of edge can easily be compared 
across the tests.  Figure 3.20a shows an example view of an entire blade with Figs. 3.20b-q 
showing detailed views of the deformation in each test (note that each figure is accompanied by 
its own scale bar).  In each image, the dotted line marks the start of deformation as well as the 
point of thinnest cross section during molding.  In the figure, the drawn edge is to the left of the 
dotted line.   
The test at 650K and a feedrate of 1000 µm/s (650/1000, Fig. 3.20f), shows one extreme 
where the material barely deforms before failing, exhibiting very rapid necking and only a small 
amount (<20µm) of elongation before failing along a jagged edge.  At the other extreme 
(670/100, Fig. 3.20m), a large amount of elongation occurs (600 µm) creating a weak, flimsy 
edge of very thin cross section (< 1 µm).  In the latter case, the final edge may be of small 
radius, the blade structure directly behind the cutting edge is deemed insufficient to support 
the edge during cutting.  Between these two extremes there is a balance between necking and 
elongation that produces a stable edge of small radius (Fig. 3.20i).  Figure 3.21 shows a plot of 
temperature versus feedrate for all tests with the results qualitatively assessed as either good or 
poor.  There appears to be a linear relation that defines the loci of temperature and feedrate 
combinations that produce good edges.  
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Fig. 3.20: SEM Images of Edge Deformation: Temperature (K)/Feedrate (µm/s), dotted line marks the start of 
deformation 
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Fig. 3.21: Temperature versus feedrate showing ideal conditions 
3.4 Interpretation of Results 
3.4.1 Temperature and Strain Rate Effects 
In *77+, Vitreloy-1 was found to follow several deformation models depending on the 
temperature and strain rate (Fig. 3.22a).  When within the Newtonian zone, the material follows 
the model of a Newtonian fluid with a relatively constant viscosity, viz., strain rate is directly 
proportional to stress.  With an increase in strain rate or decrease in temperature, the material 
begins to shift to non-Newtonian behavior.  This results in a viscosity that varies with strain rate 
rather than remaining constant.  Further increases in strain rate or decreases in temperature 
cause a shift to shear localization.  This inhomogeneous deformation is characterized by the 
formation of localized shear bands and fracture of the material. 
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(a) Boundaries between distinct modes of deformation for Vitreloy-1 *77+ 
  
(b) Peak force vs. feedrate (c) Drawing distance vs. feedrate 
Fig. 3.22: Temperature and strain rate effects 
In Fig. 3.22b the peak force is plotted versus feedrate for each temperature tested.  Here 
we see a consistent trend of increasing force with either an increase in feedrate or a decrease in 
temperature.  This follows the expected behavior of a Newtonian fluid.  The increase in force 
with feedrate is fairly linear across each temperature, except at 650K where the graph is slightly 
concave.  This represents a shift towards non-Newtonian deformation and a decrease in 
viscosity with increasing strain rate.  In addition to the change in force behavior, this shift 
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towards non-Newtonian deformation has adverse effects on edge formation.  This can be seen 
in Figs. 3.20d-f where decreasing viscosity and a shift towards inhomogeneous deformation 
result in poor edge formation.  The material does not have sufficient time for structural 
relaxation to keep up with the rate of deformation.  The change in peak force versus 
temperature at a given feedrate is not linear, with a larger increase in force between 660 and 
650 K, due to the non-linear relationship between viscosity and temperature in *109+.    
Figure 3.22c shows the relation between the drawing distance at failure and feedrate.  For 
the tests at 660 K and 670 K the drawing distance is roughly bounded by 140 µm on the low end 
due to elastic deformation in the bulk of the sample.  As seen in Fig. 3.20f the plastic 
deformation occurs over about 30 µm (the distance from the dashed line to the left edge).  The 
highest elongation was seen at 650 K and a feedrate of 100 µm/s where the material failed at a 
drawing distance of 1500 µm.   This is the extent to which the material can draw before the 
thickness becomes too thin and unstable.  From Fig. 3.21 it appears that the best results occur 
at combinations of low temperatures and low feedrates as well as high temperatures and high 
feedrates.  This corresponds to forces and elongations in Figs. 3.22b and c, respectively, in the 
intermediate ranges of 25-55N and 230 – 670 µm, as delineated by the dashed lines in the 
figures. 
3.4.2 Summary of Deformation Results 
In order to better understand the deformation process, video from each test was 
synchronized with the drawing distance to characterize each stage of deformation.  Three 
distinct types of edge formation were seen and can be exemplified by the tests at: 660 K and a 
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feedrate of 100 µm/s (type 1), 660 K and a feedrate of 1000 µm/s (type 2), and 670 K and a 
feedrate of 750 µm/s (type 3), as seen in Fig. 3.23.  Across these tests, three distinct modes of 
deformation were seen: elastic deformation, plastic deformation, and plastic deformation with 
localized necking.  During elastic deformation, the sample undergoes elastic elongation both in 
the necked region and the bulk of the sample.  Plastic deformation is a result of significant 
structural re-laxation during the drawing process.  During this time, deformation occurs only in 
and near the necked region.  The thickness of the material in the necked region reduces 
gradually, and significant elongation can occur.  During plastic deformation with localized 
necking, the material only deforms at the point of thinnest cross section and continues to 
reduce in area until failure. 
 
Fig. 3.23: Force response of tests exemplifying each type of blade formation 
Type 1 deformation is, in general, exhibited by tests above and well off the line in Fig. 3.21 
(higher temperatures and lower feedrates), and is characterized by low forces and high 
elongations. The test at 660K and 100 µm/s, shown in Figs. 3.23 and 3.24, is representative of 
85 
 
type 1 deformation.  For this test there is a very small period of elastic deformation.  Once the 
peak force is reached, the material begins to plastically deform over a large region (~800 µm, as 
seen in Fig. 3.24) with very little reduction in cross section.  After significant elongation has 
occurred the material eventually undergoes localized necking followed by failure. Figures 
3.20g,h,m,n,o show the results for this type of deformation, in particular, the considerable 
elongation resulting in a thin, flimsy edge. 
 
Fig. 3.24: Type of deformation during test at 660K and 100 µm/s feedrate 
 
Fig. 3.25: Images from video of test at 660K and 100 µm/s at select drawing distances 
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Figure 3.25 shows images from the video of the 660 K and 100 µm/s test as a function of 
drawing distance.  The gray areas mark the upper and lower dies similar to Fig. 3.7.  The first 
100 µm consist of elastic deformation indicated by the very small amount of change seen 
between the first two images of Fig. 3.25.  Between 100 µm and 900 µm the material elongates 
significantly with very little reduction in cross section.  Peak forces for this case are less than 
25N and elongations are greater than 600 µm. 
Type 2 deformation is exhibited by tests below and well off the line in Fig. 3.21 (lower 
temperatures and higher feedrates), and is characterized by high peak forces and low 
elongation at failure.  The test at 660K and 1000 µm/s, shown in Figs. 3.23 and 3.26, is 
representative of type 2 deformation.  Plastic deformation occurs very rapidly due to only 
localized necking.  This can be seen best in the SEM image of the test sample (Fig. 3.20k) where 
there is sharp necking over a small amount of deformation before failure.  Due to the high rate 
of necking, tests that follow this type of deformation tend to fail in a manner that creates a 
jagged uneven edge (See Figs. 3.20d,e,f,k).  Comparing the images acquired from video (Fig. 
3.27), the difference between 0 and 100 µm shows little plastic deformation as expected, while 
the continued drawing over the next 100 µm results in rapid necking and failure.  Peak forces for 
these cases are greater than 50N and elongations prior to failure are less than a drawing 
distance of 170 µm. 
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Fig. 3.26: Type of deformation during test at 660K and 1000 µm/s feedrate 
 
Fig. 3.27: Images from video of test at 660K and 1000 µm/s at select drawing distances 
Type 3 deformation is exhibited by tests near the line in Fig. 3.21, and is characterized by 
intermediate forces and elongation.  The test at 670K and 750 µm/s, shown in Figs. 3.23 and 
3.28, is representative of type 3 deformation.  The sequence of events is similar to that seen in 
type 1 deformations (Fig. 3.24); however the amount of plastic deformation is significantly less.  
After the initial elastic deformation there is a slight amount of plastic deformation that is then 
followed by localized necking that dominates the deformation sequence.  This localized necking 
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reduces at a slower rate than that seen in Fig. 3.26.  This type of deformation is ideal for blade 
formation since it strikes a balance between elongation and necking.   
 
Fig. 3.28: Type of deformation during test at 670K and 750 µm/s feedrate 
 
Fig. 3.29: Images from video of test at 670K and 750 µm/s at select drawing distances 
Figures 3.20b,c,i,j,p,q show the results for type 3 deformation, in particular, the gradual 
homogeneous necking that produces a stable consistent edge.   The video in Fig. 3.29 of this 
case confirms type 3 deformation by showing very little movement between 0 and 45 µm 
followed by plastic deformation and localized necking at 200 and 400 µm, respectively.  Peak 
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forces and drawing distances are in the intermediate ranges of 25-55N and 230 – 670 µm, which 
confirms our previous observations.   
3.4.3 Analysis of Deformation Behavior 
The deformation of bulk metallic glass is influenced by two factors, the development of 
free volumes and the subsequent ability of the material to eliminate these free volumes, as well 
as, the formation of nano-crystals *66, 68, 78+.  Free volumes are voids developed through 
material flow during deformation.  Elimination of these free volumes occurs when the mobility 
of the molecules (structural relaxation) is high enough to fill the voids created during flow *66, 
77, 96+.  The formation of nano-crystals, on the order of 2-30 nm, is the result of the material 
returning to its stable state either due to high-temperature annealing or strain *67, 69+.  The 
free volume behavior of bulk metallic glass is enhanced by the formation of nano-crystals, and 
since the tests run in this paper occur over a relatively short period of time it is believed that 
the majority of crystallization occurs as a result of deformation *66+.   
Strain-based crystallization increases with an increase in elongation and affects the 
deformation of bulk metallic glass in two ways.  In the first case, the nano-crystals increase the 
strength and hardness of the material *67, 69+.  This creates a strain hardening effect in the 
necked region stabilizing the neck and distributing the stress to the nearby undeformed regions, 
thereby increasing elongation *66+. This is most prevalent in type 1 deformations where the 
larger elongations result in high enough crystallinity to measurably impact the material 
characteristics of the neck. The second way the nano-crystals alter deformation is by reducing 
structural relaxation and homogeneous deformation by inhibiting atomic mobility causing stress 
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localization and more rapid necking *66+.  This is more prevalent in type 2 and 3 deformations 
where the nano-crystals do not strengthen the material enough to avert localized deformation. 
In type 1 deformations (Fig. 3.24), plastic deformation occurs in the necked region due to 
the high rate of structural relaxation in the material.  This relaxation allows the stress to be 
distributed over a larger area reducing localized deformation and allowing large strains before 
failure.  Under load, free volumes are developed in the amorphous structure of the material.  
High temperatures allow higher structural relaxation, which is capable of rearranging molecules 
and filling these free volumes.  Furthermore, at low strain rates there is ample time for this 
distribution of load to occur.  By eliminating the free volume, stress concentrations are also 
eliminated and the deformation is spread over a larger area.  This, in addition to the strain rate 
sensitivity of Newtonian fluids, allows significant elongation.  In type 1 deformation, large 
elongations produce a thin, flimsy edge not suitable for use as a blade. 
On the contrary, for type 2 deformation the lower temperatures or higher feedrates do 
not allow the material relax and fill free volumes resulting in large stress concentration, 
aggressive necking, and the possibility of shear localization resulting in inhomogeneous 
deformation and fracture *66+.  This behavior is seen in Fig. 3.26 and produces an 
inhomogeneous jagged edge. 
In type 2 and 3 deformations, the stress-strain behavior begins to exhibit a stress 
overshoot.  A stress overshoot is an initial peak stress reached at the application of force that is 
higher than the subsequent flow stress during deformation.  This overshoot represents the 
initial formation of a significant amount of free volumes and their subsequent elimination *66, 
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97+.  This creates an initial stress concentration promoting localized necking.  The overshoot is 
not seen in type 1 deformations (Fig. 3.23) due to the rapid structural relaxation of the material.   
At the intermediate conditions along the line in Fig. 3.21, the structural mobility of the 
BMG material, as well as, the available relaxation time allow the steady formation of small free 
volumes. The formation of these free volumes causes compounding stress concentrations and 
the localized necking seen in type 3 deformation (Fig. 3.28).  Since there is still structural 
relaxation, this necking remains homogeneous, creating the uniform, strong, stable edge 
desired.   
In summary, temperature, strain rate and nano-crystallization affect the structural 
relaxation of bulk metallic glasses by limiting atomic mobility and relaxation time.  This in turn 
alters the materials ability to eliminate free volumes resulting in the three distinct types of 
deformation seen.  Type 1 deformation occurs when there is high structural relaxation and 
deformation is distributed over a large amount of elongation creating a thin, flimsy edge.  Type 
2 deformation is the result of very little atomic mobility and high stress concentrations causing 
inhomogeneous deformation and possible fracture.  Lastly, type 3 deformation shows a balance 
of necking through minor free volume generation and stress concentration creating a uniform, 
strong, stable edge. 
3.4.4 Analysis of Edge Quality 
The edge failure and resulting edge radius were analyzed through a combination of SEM 
imaging and focused ion beam machining. A JEOL 6060LV SEM was again used to take images of 
the blade edge to examine edge uniformity and to estimate the edge radius.   
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Figure 3.30 shows a selection of various edges showing the different types of failures.  
Figure 3.30a shows the edge formed after the type 1 deformation seen in Fig. 3.24.  The edge is 
fairly uniform and homogeneous up to the failure, but the material is very thin and doesn’t have 
a sufficient rake angle for stability.  Figure 3.30b shows the edge formed after the type 2 
deformation seen in Fig. 3.26.  In this case, the necking and failure occurs so rapidly that little 
time is allowed for the material to homogeneously neck and deform to a single edge.  As the 
material rapidly necks to thinner cross sections, it begins to fail in a somewhat irregular fashion, 
creating a jagged edge.  Figures 3.30c and d show edges formed from type 3 deformation 
similar to that in Fig. 3.28.  In these cases deformation follows a rate of necking that gives rise to 
the formation of a strong stable edge.  However, the edge in Fig. 3.30d deformed more 
homogeneously before failure creating a more consistent and sharper edge than that of Fig. 
3.30c, owing to the increase in temperature and feedrate.   
An FEI Dual Beam 235 FIB was used to perform focused ion beam machining on the 
sample shown in Fig. 3.30d to further analyze the edge radius.  The sample was initially coated 
with gold to prevent damage to the edge during ion milling, as well as, provide more contrast 
when viewed under SEM.  Inside the FIB, the sample was then coated with platinum to further 
protect the edge during machining.  Next, ion milling was used to cut a slot into the edge in 
order to view a cross section of the tip.  In Fig. 3.31 the darker color within the dashed lines 
represents the bulk metallic glass while the lighter portion is the Pt coating.  From this image 
the edge radius can be estimated to be about 50 nm. 
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Fig. 3.30: SEM images of various edges 
 
Fig. 3.31: FIB machined cross section showing edge radius of test at 670 K and a feedrate of 1000 µm/s 
Using the process described in section 3.1.2 there was significant curling of the edge after 
failure (Fig. 3.32).  Based on video feedback during testing it was determined that this curling 
occurred after edge failure.  The tests also exhibited curling regardless of if the upper die was 
slightly raised after molding, indicating that it was not a result of die pressure along the necked 
region.  Figure 3.33 shows the process by which the edge curl is produced.  It is believed that 
the curling is a result of both unequal stresses in the blade during failure as well as unequal 
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heating on the top and bottom of the blade.  Both of these effects are caused by the 
asymmetric design of the dies and process. 
 
Fig. 3.32: Curling of edge observed in test samples 
  
Fig. 3.33: Curling of edge due to unequal stress and temperature in blade at failure 
3.5 Chapter Conclusion 
A novel hybrid manufacturing process combining thermally-assisted micro-molding and 
thermally-assisted micro-drawing was developed to create precision surgical blades with edge 
radii <50nm.  The process was designed based on previous research in micro-forming as well as 
initial experimentation with micro-molding and micro-drawing of Vitreloy-1.  Micro-molding 
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was chosen for its ability to quickly and efficiently manufacture the geometry of the blade while 
micro-drawing can be used to make the nano-scale features of the cutting edge through the 
inherent necking of the material. 
A testbed was designed and constructed to meet the requirements of the hybrid 
manufacturing process.  It utilizes two ball screw actuators, a high force lower accuracy one to 
perform the molding operation and a precision one to perform drawing.  Heating is 
accomplished through cartridge heaters and dies are designed to use tool steel inserts. 
Experiments were conducted using the testbed to study the deformation behavior of 
bulk metallic glass in terms of blade formation.  This was accomplished through the acquisition 
of force and video data during testing as well as SEM imaging after testing.  The hybrid process 
takes advantage of the deformation capabilities of BMG in its supercooled liquid region to 
create sufficiently sharp edges through the proper selection of micro-drawing temperatures and 
feedrates.  This first set of experiments studied the deformation process over a range of 
temperatures (650 – 670K) and feedrates (100 - 1000 µm/s) and found that it was possible to 
identify a good balance between elongation and necking in creating a stable edge of small 
radius.  The balance between elongation and necking occurred when both the temperature and 
feedrate were either high or low.  The driving force behind this balance between necking and 
elongation came down to the free volume behavior of bulk metallic glass and the formation of 
nano-crystals.  Both of these phenomena are influenced by the atomic mobility of the material, 
which is based on both the material temperature and induced strain.  The initial experiments 
conducted were able to create edges with radii of 50 nm. Although 50 nm edge radii meet the 
goal of this research, the edge of the blade exhibited significant curling and inconsistencies 
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across its width making the blade not viable for use in cutting tests to compare its performance.  
Therefore modifications to the process and testbed would be necessary to improve consistency 
and manufacture viable cutting edges.    
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Chapter 4 
Enhanced Performance of the Hybrid 
Manufacturing Process 
 Chapter 3 detailed the development of a hybrid manufacturing process for creating 
precision surgical blades out of BMG and the experimental results obtained using the process, 
which will be referred to as the first generation process.  In these results a range of parameters 
were found that created strong stable homogeneous surgical blade edges.  When measured, 
these edges had radii as low as 50 nm.  However, the edge of the blades showed curling, which 
resulted in a geometry that made the blades produced not viable as a surgical blade or to use to 
measure cutting performance.  In addition, the consistency and repeatability of the test results 
was not acceptable. 
Chapter 4 discusses several enhancements made to both the manufacturing process and 
testbed to improve blade consistency, test repeatability and prevent curling of the edge.  
Notable modifications were the use of symmetric dies mounted in a flexure and the adoption of 
force limited drawing. 
The rest of this chapter is organized as follows.  Section 4.1 details the modifications made 
to both the hybrid manufacturing process and testbed.  Section 4.2 presents the experiments 
performed using the modified process.  Section 4.3 analyzes the results of these experiments 
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with specific focus on the improvements in edge quality when compared to the experimental 
results from the first generation process.  Lastly, section 4.4 proposes modifications to allow the 
manufacture of multi-facet blades. 
4.1 Modifications to Hybrid Process and Testbed 
4.1.1 Enhanced Hybrid Manufacturing Process 
 In order to solve the curling problem a symmetric die was designed and implemented.  
Figure 4.1 schematically outlines the new process.  The process follows the same steps as in 
section 3.2, but now has the lower die as a symmetric version of the upper die.  This creates 
symmetry in the process along the cutting axis of the blade.  Therefore, upon failure there is not 
an imbalance in stresses or temperatures on either side of the blade cutting axis. 
 
Fig. 4.1: Hybrid manufacturing process with added symmetric dies. 
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In addition to the curling problem, previous tests conducted using constant feedrates for 
the drawing process (steps 4-6 in Fig. 4.1) exhibited inhomogeneous deformation during the 
initiation of drawing causing irregular material flow and inconsistencies in the blade 
deformation.  Upon further investigation it was determined that limitations on the maximum 
drawing force available helped to improve the straightness and homogeneity of the resulting 
blades.  This can be attributed to limiting the amount of free volume generated when the 
drawing is initiated *97+.  By limiting this free volume generation, homogeneous deformation is 
encouraged and defects and inconsistencies in the blade are reduced.  Force was limited by 
capping the allowable current to the drawing motor while issuing typical feed commands.  The 
combination of symmetric dies and force-limited drawing will be referred to as the second 
generation process. 
4.1.2 Modifications to Experimental Testbed 
In order to incorporate the process changes of section 4.1.1 dies with symmetric 
features needed to be manufactured and precisely aligned and guided.  The shift to symmetric 
dies necessitated the manufacture of more complex geometries.  EDM was chosen to 
manufacture dies from pre-hardened S7 tool steel.  S7 tool steel was chosen for its superior 
toughness and temperature resistance.  The dies were designed with 20 and 70° rake angles and 
a height of 250µm (Fig. 4.2a).  The die features were machined out of a block 25 mm long, 12.5 
mm wide and 2.3 mm thick.  Due to the poor finish resulting from the EDM process it was also 
necessary to polish the resulting dies before use, but with care to not significantly alter the 
edge.  Figure 4.2b shows the dies manufactured before and after polishing.    
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(a) 
  
(b) 
Fig. 4.2: Symmetric die insert manufactured with EDM; (a) Die features; (b) Before (left) and after (right) 
polishing 
With symmetric dies, features exist on both the upper and lower dies unlike the first 
generation design which only had features on the upper die (Fig 3.10b).  This meant that there 
needed to be accurate alignment between the upper and lower dies that stayed consistent from 
test to test.  The original testbed was not designed with accurate enough guides on the upper 
die to maintain alignment and there was no efficient way to precisely adjust the position of the 
dies.  It was therefore decided to design a flexure with which to mount and guide the symmetric 
die inserts.  An alignment flexure was chosen since very little travel was necessary (~1mm), it 
would withstand high temperatures, and provide very high accuracy and repeatability. 
70° 
20° 
Rake Faces 
250 µm 
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The flexure was designed using FEA simulations to prevent yielding of the material as well 
as to limit horizontal deflection of the die.  The flexure was designed to deflect 1mm with a 
force of 100N and peak stresses were limited to 250 MPa, below the yield point for annealed S7 
tool steel (Fig. 4.3).  S7 was chosen in order to match the thermal properties of the die pieces. 
The flexure was designed with three joints (Fig. 4.4a) in order to allow the die travel in a vertical 
line rather than along an arc.  The material thickness of the three joints (3.5mm, 3.5mm and 
3.75mm see Fig. 4.4b) determines the joints’ stiffness and were chosen such that when 
deflected 1mm the die features move along a vertical path.  If only a single hinge design was 
used, the upper die would move along an arc and after 1mm of deflection the die features 
would be misaligned by up to 20 µm as calculated using basic Euler-Bernoulli beam equations 
and confirmed in FEA simulations.  A nub was placed directly above the die features in order to 
pinpoint the force applied by the upper actuator.  Lastly, thermocouples were installed in the 
flexure to get more accurate temperature readings.  
 
Fig. 4.3: Stress in flexure at maximum deflection of 1 mm 
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(a) 
 
Fig. 4.4: Flexure design; (a) Hinge design; (b) Flexure dimensions in mm 
The die features could have been machined directly into the flexure, but were instead 
made on separate inserts, as discussed above, in order to allow them to be swapped out if 
damaged, polished after machining and coated if necessary.  The die inserts were attached 
using a ceramic adhesive that is capable of withstanding the high test temperatures.  A custom 
spacer was machined using EDM in order to keep the dies aligned while curing (Fig. 4.5).  Once 
assembled the flexure is mounted in place of the lower die insert (Fig. 4.6).  Figures 4.7 and 4.8 
show additional images of the setup with the flexure incorporated. 
 
Fig. 4.5: Image of flexure with dies attached and alignment spacer installed 
Upper Die 
Spacer 
Lower Die 
Flexure 
Flexure 
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Fig. 4.6: Flexure mounted to lower die with installed thermocouples 
 
 
Fig. 4.7: Overall testbed layout 
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Fig. 4.8: Side view of flexure as well as location of heaters in upper and lower dies 
4.2 Experiments Utilizing Flexure and Symmetric Dies 
4.2.1 Experimental Design 
Using the enhanced hybrid process and testbed discussed in section 4.1, experiments 
were conducted. Motor current limits were used to limit the force applied to the sample during 
initial deformation.  A Motor current of .083 A was the lowest value that still guaranteed 
movement of the stage and the higher values were chosen based on currents measured during 
initial experimentation to stay within the homogeneous deformation regime.   The tests were 
run using three limits on motor amperage (.083, .108, and .133) and three different move 
commands (move with feedrate of 500 µm/s, 1000 µm/s and no feedrate limitation).  All tests 
were performed at a temperature of 685K.  Since the thermocouples were placed within the 
Upper Die 
Heaters 
LVDT 
Flexure 
Sample Mount 
 
Lower Die 
Heaters 
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flexure and across the ceramic adhesive barrier this temperature is not directly comparable to 
previous tests.  It is believed that the sample temperature was closer to 660K.  
The BMG samples used were the same size as before (40 mm x 2 mm x 500 µm (LxWxH)).  
Multiple tests were run along the length of a sample, each test producing final blades roughly 
3mm x 2mm x 500 µm.  At the end of the micro-molding cycle, the upper die was stopped at a 
larger gap thickness of 30 µm for all tests.  The increase in gap was done to help minimize the 
influence of surface defects in the dies as well as reduce the stress during initial deformation.  A 
500N load cell was used to capture drawing force data. 
Tests were performed in a similar manner to those of section 3.3.1.  The apparatus is 
preheated with time for the system to stabilize at the required operating temperature.  Once 
ready the dies are zeroed using a 500µm shim placed between the dies while they are brought 
into contact.  The shim is necessary to prevent damage to the die features.  Once zeroed the 
sample is inserted and allowed to preheat.  The steps outlined in Fig. 4.1 are then initiated.  A 
full outline of the testbed operating procedure can be found in Table 3.2. 
4.2.2 Force Data 
Figures 4.9-4.11 show the load cell force data from each test at the three different limits 
on motor amperage.  The force is plotted versus the drawing distance.  When comparing these 
results to those of Figs. 3.17-3.19 there is a distinctly different shape as well as a less consistent 
application of force.  Unlike the original tests, once the initial peak force is reached there is an 
abrupt drop down to a relatively constant flow stress before necking and failure.  The peak force 
is most likely due to momentum buildup during elastic deformation of the material and 
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subsequent slowing of the stage as actual deformation begins.  The inconsistencies in the force 
output are primarily due to controllability of the stage under limited torque.  Due to the friction 
apparent in a zero-backlash ball screw, the relative linear force output from a constant torque 
can vary significantly over a distance.  Additionally, since the stage was designed to be operated 
using full motor power, by limiting the current available to the motor its ability to react to 
dynamic situations is limited.  For improved results, a feedback system utilizing the load cell 
would be ideal, but cannot be easily implemented on the current testbed. 
 
Fig. 4.9: Force vs. drawing distance for .083 A at 685K 
 
Fig. 4.10: Force vs. drawing distance for .108 A at 685K 
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Fig. 4.11: Force vs. drawing distance for .133 A at 685K 
4.2.3 SEM Images 
A JEOL 6060LV SEM was again used to image each test result to analyze the deformation 
and edge quality.  Figure 4.12 shows SEM images of the edge deformation from each test.  
Within the test regime, four of the blades formed a viable cutting edge (Fig. 4.12a,b,d,e).  The 
other tests exhibited relatively homogeneous flow, as is evident by the materials ability to 
restructure itself quickly eliminating free volumes and distributing stress and deformation 
evenly. Despite the homogenous deformation, these tests produced an edge exhibiting an 
abrupt change in rake angle just before failure creating a thin, flimsy edge (Fig. 4.13).  All the 
tests exhibited between 40 and 80 µm of deformation (e.g. Fig. 4.12a) except for Fig. 4.12b 
which exhibited 120 µm.  The combination of a gap thickness of 30 µm and significant 
deformation appear to effectively remove the influence of poor die finish. 
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(a) .083 A and 500 µm/s (b) .083 A and 1000 µm/s (c) .083 A and no feedrate limit 
   
(d) .108 A and 500 µm/s (e) .108 A and 1000 µm/s (f) .108 A and no feedrate limit 
   
(g) .133 A and 500 µm/s (h) .133 A and 1000 µm/s (i) .133 A and no feedrate limit 
Fig. 4.12: SEM Images of Edge Deformation (dashed line marks start of deformation) 
 
 
Fig. 4.13: Example of abrupt change in rake angle exhibited by tests shown in Fig. 4.19c,f,g,h,i 
70µm 
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4.3 Analysis of Results 
4.3.1 Effects of Force and Feedrate Limitations on Drawing Deformation 
The switch to force-limited drawing, symmetric dies and an alignment flexure has 
improved the results of the hybrid manufacturing process in several ways.  The adoption of 
force limitations eliminates the generation of the free volume and inhomogeneous necking 
characteristic of type 2 deformations as described in section 3.4.2.  Since the stress is limited by 
the allowable motor amperage, when deformation is initiated, strain rates are kept low and the 
material is able to slowly accommodate the applied stress.  As the material necks the stress also 
increases and deformation continues similar to the constant feedrate tests.  When no feedrate 
limit was used (Fig. 4.12c,f,g), the necking under constant load generates higher stresses and 
thus higher strain-rates as the cross-section of the blade reduces rapidly.  This results in a shift 
to inhomogeneous deformation just before failure creating an abrupt change in rake angle.  
However, when a feedrate limitation is also applied, strain-rate is kept low preventing a shift to 
inhomogeneous deformation before failure.  Together the force and feedrate limitations can be 
used to create a blade with sufficient necking to generate a strong stable edge while remaining 
completely within the homogeneous deformation regime.  As will be shown, by staying in the 
homogenous regime, straightness and blade finish are naturally improved. 
4.3.2 Blade Straightness 
 The combined use of the symmetric dies, a die alignment flexure and a force-limited 
drawing process greatly improved the straightness across the entire width of the blade.  
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Straightness was analyzed in terms of the deviation from a best fit line when looking at the 
blade from above (XY plane, Fig. 4.14a) and straight at the edge (XZ plane, Fig. 4.14b).  The 
results presented using the first generation process had significant curling of the edge during 
failure making analysis of the edge straightness in the XZ plane impractical. Figure 4.15 shows 
an image of a blade using the second generation process from the side and straight on the edge 
showing improvements to the straightness of the blade.  As expected, curling as discussed in 
section 4.1.1 and seen in the experiments of section 3.3, is completely eliminated with the use 
of symmetric dies.   
 
 
(a) 
 
(b) 
Fig. 4.14: Straightness of the edge as defined in the; (a) XY plane seen looking at the edge from above and the; 
(b) XZ plane seen looking straight at the edge 
 
 
(a) 
 
(b) 
Fig. 4.15: Image of blade drawn with .083A and 500 µm/s limit at 685K showing (a) lack of edge curl and (b) 
straightness of edge 
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Figure 4.16 shows comparisons of the straightness of edges, in the XY plane, produced 
using the configurations listed in Table 4.1.  From Fig. 4.16 it was calculated that the maximum 
deviation from straightness for configuration 1 was 10 µm with the majority of the edge within 
5 µm of the best fit line over the 2mm blade width.  For tests using configuration 2, deviations 
as high as 40 µm were calculated in sections of the blade while a major portion remained within 
10 µm of the best fit line.  Results using configuration 3 showed the worst straightness with 
deviations as high as 40 µm across the entire width of the blade. 
Table 4.1: Test configurations used in straightness comparison 
 
Dies Used Drawing Process Section 
Configuration 1 
(Second Generation) 
Symmetric dies 
mounted in flexure 
Force and feedrate limited  Section 4.1.1 
Configuration 2 
Symmetric dies 
mounted in flexure 
Feedrate limited Section 4.1.1 
Configuration 3 
(First Generation) 
Asymmetric Die Feedrate limited Section 3.2 
 
Figure 4.17 shows comparisons of the straightness of edges, in the XZ plane, produced 
using the configurations in Table 4.1.  Configuration 3 was not included in this analysis because 
curling of the edge prevented imaging from straight on the edge.  For the results of 
configuration 1, maximum deviations of 3µm were measured from the best fit line over the 
2mm blade width.  For the tests of configuration 2, maximum deviations as high as 10 µm were 
measured at multiple points across the blade at the location of visible defects (Fig. 4.17).   
 The flatness and surface finish of the rake faces of the blade are determined by the die 
tolerances, for the majority of the blade, and the drawing deformation near the cutting edge.  
Most of the blade geometry is formed during the micro-molding operation and therefore the 
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dies flatness and finish define the flatness and surface roughness of the rake faces created 
during this process.  Surface finish could be improved through additional polishing of the dies.  
The flatness and surface roughness of the rake faces created during the drawing operation are 
controlled by the straightness of the edge formed and uniformity of deformation.  Therefore 
tests using the enhanced process create very flat rake faces with low surface roughness near the 
cutting edge.  
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Configuration 1 Configuration 2 Configuration 3 
Fig 4.16: Straightness of edge in XY plane (dotted line marks best fit line) 
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Configuration 3 Configuration 1 Configuration 2 
Fig 4.16 Cont. Fig 4.17: Straightness of edge in XZ plane 
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4.3.3 Test Repeatability 
 Along with improving the straightness of the blade edge, the adoption of the symmetric 
dies, alignment flexure and force limited drawing have greatly increased the repeatability of 
tests.  Figures 4.18 and 4.19 show a collection of tests run at .083 A at 685K and feedrate limits 
of 500 and 1000 µm/s, respectively.  These were deemed the best conditions of those tested for 
forming straight blades with small edge radii and a sufficiently stable edge.  Figures 4.18a and 
4.18a show the entire edge of each blade.  Every blade shows a straight edge of small radius 
across the entire with no evidence of curling or defects.  Figures 4.18b and 4.19b show 
magnified images of the deformation in each blade.  These show homogeneous deformation in 
all the tests with gradual necking and no sign of defects.  All the tests exhibited similar amounts 
of deformation in the range of 50-80 µm.  Figures 4.18c and 4.19c show magnified images 
looking straight at the edge.  These images show that all the deformation process for all the 
blades formed an edge with a small radius and no evidence of an abrupt change in rake angle or 
defects in the edge.     
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(a) 
    
(b) 
    
(c) 
Fig. 4.18: Several tests conducted with .083A and 500 µm/s limit at 685K 
 
    
 (a) 
    
(b) 
    
(c) 
Fig. 4.19: Several tests conducted with .083A and 1000 µm/s limit at 685K 
Edge Edge Edge 
Edge 
Edge Edge 
Edge 
Edge 
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4.3.4 Edge Radius 
 In addition to analyzing the improvements in homogeneous deformation and edge 
straightness, the edge radius produced by the enhanced process was investigated.  Figure 4.20 
shows SEM images of the edge from the blade in Fig. 4.15.  The edge formation exhibits a 
smooth and uniform rake angle, formed through homogeneous deformation, producing a 
strong, stable edge.  In addition to SEM analysis, FIB cross-sections were made, as discussed in 
section 3.4.4, to measure the edge radius.   Three cross-sections were performed at random 
locations across the width of the blade and edge radii measured between 14 and 26 nm (Fig. 
4.21).  This is an improvement over those achieved using the first generation process and can be 
attributed to deformation remaining in the homogeneous regime prior to edge radius formation 
in the enhanced process. 
 
Fig. 4.20: SEM images of edge geometry and radius of blade from Fig. 4.14 
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Fig. 4.21: Edge radius measured after cross section cuts using FIB of blade from Fig. 4.15 
4.4 Processes for Manufacturing Multi-facet Blades 
The manufacturing process and associated testbed in this chapter was found to be 
capable of molding and drawing straight edges with radii under 30 nm.  However, due to the 
unidirectional mechanical drawing nature of the process, it is not capable of producing the 
curvilinear or multi-facet edges found on many surgical blades.  Therefore, two possible 
modifications to the hybrid process are proposed to manufacture blades of varying geometry.  
These are: using current passed through a magnet field to generate a multidirectional drawing 
force, and a multistage molding process used to emulate the drawing process across different 
geometries. 
4.4.1 Magnetic Drawing 
In order to create curvilinear blade geometry there needs to be a way to create a force 
perpendicular to the cutting edge at all locations.  If the edge is a single straight edge this can be 
done with a single linear actuator.  However if the profile is, for example, a half circle the 
drawing force cannot be recreated using a collection of linear forces.  In order to solve this 
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problem the first proposed process modification utilizes a magnetic field and current to 
generate the drawing force.   
Figure 4.22a shows an example of how current running through a magnetic field can be 
used to generate a drawing force.  The line represents the path of the current and the magnetic 
field is going into the page.  A force perpendicular to the direction of the current is generated 
along the entire path.  The process explained in section 4.1.1 can be adapted to utilize magnetic 
drawing by simply running current through the cross hatched section of material in Fig. 4.22b.  
The current is limited to the cross hatched section since the molding operation forms a very 
small section of material, 20 µm thick, creating a high resistance to current traveling into the 
blade portion. 
  
(a) (b) 
Fig. 4.22: (a) Forces generated by current running along a circular profile in a magnetic field; (b) Modification to 
drawing process (B is used to represent magnetic field and F for force) 
In order to test the feasibility of this process modification several changes were made to 
the experimental testbed to generate the magnetic drawing force.  The testbed was originally 
designed with a completed iron path connecting the upper and lower dies in anticipation of 
magnetic drawing.  Magnetic windings were wrapped onto the back section of this iron loop to 
create an electromagnet and produce a magnetic field from the top to bottom die (Fig. 4.23a).  
When run at 35 A the windings generated a magnetic field of 0.9 T across a 500 µm gap.  To run 
Blade 
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current through the blade, two electrodes were mounted in place of the sample holder (Fig. 
4.23b).  The electrodes were spring-loaded to remain in contact with the sample during testing.  
Lastly, the dies were coated with 500 nm of SiO2 using Plasma-enhanced chemical vapor 
deposition (PECVD) to insulate them and prevent current from escaping the bulk metallic glass.  
 
(a) 
 
(b) 
Fig. 4.23:  Modifications to testbed, (a) wrappings on iron path to generate an electromagnet; (b) electrodes in 
place of sample holder 
Tests were conducted similar to those for the process defined in Fig. 4.1.  Instead of using 
40mm long samples, however, a single 4mm long piece was placed in between the dies prior to 
molding.  Once step 3 (Fig. 4.1) was completed the electrodes were brought into contact with 
the sample and the magnet and current were activated.  Now that two sources of heating exist, 
the static die temperature and heat flux from current flow, the sample temperature needs to be 
maintained carefully.  Furthermore, the temperature must be as high as possible without 
B 
Electrodes 
121 
 
crystallization to reduce drawing force.  Since the testbed did not allow accurate measurement 
of the sample temperature, a wide range of currents and temperatures were investigated.  
Currents ranging from 10A – 40A were tested as well as temperatures ranging from 630K - 700K.  
A current of 40A results in a maximum stress of 35 KPa generated with a 1 µm gap, well below 
the flow stresses measured during previous experiments.  Due to the low forces generated no 
significant drawing or edge failure was observed.  However, in a couple of tests evidence of 
material flow, well away from the edge, was seen in the samples (Fig. 4.24).   
 
Fig. 4.24: Test result showing evidence of material flow in path of electrodes, but no edge failure (arrows denote 
contact locations for electrodes) 
Based on extensive experimentation in an attempt to produce drawing it is believed that 
several testbed improvements would be necessary for magnetic drawing to be successful.  With 
the currently generated forces any amount of friction or adhesion between the drawing section 
of the sample and the dies will negate the effects of the drawing force and prevent movement 
of the drawing section.   This is likely the explanation for the material flow seen in Fig. 4.24, 
since the forces were not capable of overcoming friction, but could locally generate material 
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flow.  In addition to reducing friction, the gap thickness should be reduced as low as possible 
<1µm to reduce the drawing force requirements.  However, this requires much precision dies 
and actuation.  Additional control of sample temperature would also be necessary to maintain 
the material at the highest temperature possible without crystallization to also reduce the force 
necessary for deformation.  Finally, the application of a much higher magnetic field, possibly 
generated by a superconducting electromagnet, is required to increase drawing forces. 
4.4.2 Multi-stage Molding Process 
Figure 4.25 schematically outlines the proposed multi-stage molding process as viewed 
through a cross section perpendicular to the blade edge.  Steps 1-2 proceed similarly to the 
process in Fig. 4.1; the material is inserted and molded to a small gap.  In step 3, a secondary 
molding operation is performed to create a wedge geometry that will be used in step 5 to 
transform the vertical motion of the die into horizontal drawing of the material.  This geometry 
is created with a second die (drawing die 1) and molded to a gap with a minimum thickness of 
100 µm to provide significant strength over the 20 µm gap created for edge forming.  In step 4 
the drawing die is removed and replaced with a second drawing die exhibiting the same die 
feature offset by the desired drawing distance.  In steps 5 and 6 the second drawing die is closed 
causing the center section of material to be drawn to the right creating the final blade on the 
left.  Figure 4.26 shows possible designs for the blade and drawing dies to create different 
geometries.  Drawing die 1 is used in steps 1-3 and drawing die 2 in steps 4-6. 
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Fig. 4.25: Proposed multi-stage molding process to manufacture multi-facet blades 
 
Fig. 4.26: Possible die designs necessary to create different blades 
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4.5 Chapter Conclusion 
After initial testing of the hybrid manufacturing process several enhancements were made 
to both the process and therefore changes to the testbed to improve blade straightness and 
edge radius.  These enhancements included symmetric dies, an alignment flexure and a force-
limited drawing process.  Further experiments were conducted using the enhanced process.  
The adoption of the symmetric dies fixed the problem of edge curling prevalent in the first 
generation process.  The results of these experiments showed straighter blades as well as higher 
repeatability from test to test compared to the results from the first generation process.  Blades 
manufactured using the enhanced process exhibited edges with radii as small as 14 nm and with 
edge straightness variation over 2mm of only 5-10 µm.   
Due to the linear drawing used in this enhanced process, it cannot create the multi-facet 
blades typical in precision surgeries.  Therefore, in addition to the modifications to improve 
blade straightness and edge radius, two processes were proposed to enable the manufacturing 
of multi-facet blades.  This included a process based on forces generated by a magnetic field 
and a multi-stage molding process.  Initial testing of magnetic drawing with the modified 
testbed revealed low forces relative to friction and inconsistent heating.  It was concluded that 
magnetic drawing would not be able to produce meaningful results without major changes to 
the existing testbed.  The multi-stage molding process has not been investigated experimentally 
but has the potential to efficiently manufacture multi-facet blades. 
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Chapter 5 
Evaluation of Precision Surgical Blades 
for Tissue Cutting 
The evaluation of the performance of blade of several materials was discussed in detail in 
section 2.1.2 and 2.1.4.  However, these performance evaluations were based on very little hard 
data, basically only measured or estimated edge radii, and mostly on qualitative analysis of cuts 
performed in corneal tissue or on surgeon feedback.  In order to more accurately compare 
different blade materials, several criteria for quantitative blade analysis need to be established.  
Additionally, in order to reliably obtain data based on these criteria, a repeatable testing 
procedure must be designed. 
Simple measurements can easily be obtained to help determine the cutting performance 
of a blade such as edge radii and blade roughness *18+; but there exact impact on the cutting 
performance is not fully understood or measurable.  Additionally, the edge radius and blade 
roughness are not sufficient for comparing blade cutting performance because they do not 
account for blade geometry and bevel design (See section 2.1.3).  Therefore, it is important to 
obtain data based on actual incisions in addition to simple blade measurements. 
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The remainder of this chapter is organized as follows.  Section 5.1 will outline previous 
research into the analysis of tissue cutting.  Section 5.2 will then propose a testbed and method 
for evaluating precision surgical blades. 
5.1 Previous Studies in Surgical Blade Analysis 
G. Eisner *30+ discusses rather in-depth about the cutting process in relation to surgical 
technique and the effect various properties of tissue can have on the cutting process.  Notably, 
Eisner stipulates that the ability of a blade to divide tissue is a product of the cutting ability of 
the instrument and the sectility of the tissue, which are not determined alone by the 
instrument and tissue, but also by the surgeon’s actions.  The cutting ability of the instrument is 
primarily determined by the properties of the cutting edge, i.e., edge radius and the interaction 
and displacement of tissue by the structure that bears the cutting edge, i.e., lateral resistance 
(Fig. 5.1). 
 
Fig. 5.1: Cutting ability: resistance of the cutting edge (A) determines actual cutting ability and lateral resistance 
(B) determines ability to penetrate tissue *30+  
 The sectility of the tissue is a measurement of the degree to which the fibers are shifted 
rather than cut.  The sectility of tissue is a property of the material as well as dependent on the 
tension of the cells.  Sectility can also vary across different sections of material changing the 
A 
B B 
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cutting behavior of the blade as it encounters different layers of tissue.  The sectility of the 
tissue can be improved by a combination of mechanical support, tissue tension and cutting 
speed.  The intraocular pressure of an eye is a common factor in the tissue tension during 
cataract surgery and if fluid leaks the pressure drops and can change the cutting performance.  
Finally, the sectility of the tissue can affect the path and resulting incision created by the blade. 
Figure 5.2 shows the effect of low sectility in different cutting scenarios when compared to 
tissue of higher sectility. Figure 5.3 shows an example of how lamellar tissue can deflect a blade 
cutting at an angle to the layers, which becomes more pronounced with duller blades and lower 
sectility.    
 
(a) 
 
(b) 
 
(c) 
Fig. 5.2: Effect of tissue retraction on incision shape due to tissue with low sectility: (a) Incision length is less than 
anticipated; (b) Asymmetric tension on tissue causes deviation of incision; (c) Retraction after stretching of tissue 
shifts incision*30+  
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Fig. 5.3: Effect of lamellar tissue on cutting deflection due to varying tissue resistance *30+ 
Reilly et al. *110+ performed a critical review on cutting sharpness measurement and 
found that few studies have been performed on the cutting behavior of biological materials.  
Qualitative studies exist as described in 2.1.2 but they do not provide a good way of 
quantitatively measuring cutting performance and thus make comparisons among different 
designs and materials difficult.  Several studies have been undertaken on the ultimate incision 
force of needles but few take into account the varying bevel designs and therefore do not 
provide a means of comparing different designs *111-113+. The Cutlery and Allied Trades 
Association (CATRA) is one of the few organizations to produce commercially available 
equipment for measuring blade sharpness and wear resistance.  These systems are primarily 
designed for use with kitchen cutlery and similarly sharp knives and provide the measurements 
based on incision force into a test material such as silicon or rubber. 
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5.2 Tissue Modeling 
Doran et al. *114, 115+ created a model of the failure process of skin during cutting.  Skin 
is an interesting material that has not been extensively studied in terms of its deformation 
behavior and associated failure models.  It can be considered a composite material composed of 
collagen and elastin fibers.  It therefore can be categorized as an anisotropic material with non-
linear stress-strain behavior.  It can also exhibit stress relaxation and creep effects *114+.  Doran 
et al. *114+ developed a testbed in order to perform experiments that would aid in the design of 
a skin failure model.  The testbed was designed to bi-axially stretch a sample of skin and 
perform longitudinal cuts (Fig. 5.4).  The cut was made using a scalpel attached to a linear stage 
and cutting force was measured using a 50 N load cell as the blade was drawn across the skin.  
Figure 5.5 shows an example of the force values recorded during a cut.  The blade was retracted 
once reaching a cut distance of 100 mm. 
 
Fig. 5.4: Test rig for skin failure modeling *115+ 
Linear Stage 
Blade 
Bi-axial Skin Jig 
 
Position 
Sensor 
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Fig. 5.5: Cutting force of incision across chicken skin *115+ 
Through experiments an average resistance to fracture of 2.32 kJm-2 was calculated for 
the chicken skin used in the experiment, which was similar to other results for different skin 
materials in literature *116+.  The study also proposed three stages in the cutting process: 
deformation, rupture and cutting.  In the first stage the tissue deforms in front of the blade 
storing strain energy (deformation).  Once a certain threshold is reached cutting will begin 
suddenly and the strain energy will be absorbed into the cut (rupture).  The last stage consists of 
the work required to continue to move the blade through the material (cutting) *114+.  These 
stages are represented in the model proposed by Doran et al. *114+ (Eq. 5.1),   
,    (5.1) 
where X and u are the force acting on the blade and its displacement, respectively.  The term dU 
pertains to strain energy stored in the membrane being cut. J is the resistance to fracture.  dΛ is 
the elastic strain energy stored in the membrane during the deformation stage. J dA is the work 
absorbed by the membrane in creating the new crack surfaces, and dΓ is work absorbed in 
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remote plastic flow *115+.  This study is important in its proposal for a failure model for skin 
under cutting, but is not directly applicable to penetration cuts. 
Moore et al. *117+ used insertion tests to obtain a tissue flow model for use in needle 
biopsy.  In order to perform tests two different blade designs were used to simulate separate 
parts of the needle along with an actual biopsy needle.  Insertions were made using a linear 
stage at 1.5mm/s (Fig. 5.6).  The test used bovine liver and phantom gel to simulate tissue.  
Phantom gel is a material made from polyvinyl chloride modified with plastisol to increase 
softness and is produced by M-F Manufacturing.  The study found that soft materials such as 
tissue don’t follow Stabler’s rule of chip flow as would metals.  Tissue flow was found to be 
dependent on the inclination (λ) and bevel angle (ξ) as opposed to just the inclination angle in 
metal cutting.  The vector of tissue flow vc was experimentally found to be at an angle 180°-ξ 
away from the cutting direction vector vt (Fig. 5.7).   
 
Fig 5.6: (a) Overview of the experimental setup, (b) blade cutting of bovine liver, and (c) needle insertion into 
bovine needle *118+ 
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Fig. 5.7: Cutting diagram showing tissue flow relative to inclination (λ) and bevel angle (ξ) *117+ 
Based on this flow model a contact length model (Eq. 5.2) was proposed where C 
represents the x,y,z coordinates of the cutting edge and N represents the x,y,z coordinates of 
the point opposite C along the tissue flow direction.  Using a host of geometric equations 
relating N and C to the geometry of the needle, the contact length equation was solved for an 
11 gauge thin wall needle of varying bevel angles (Fig. 5.8).  This is an important area of study in 
terms of correctly designing blade geometries to improve incision shape and tissue flow.  Tissue 
flow and contact length could also be used to help design different patterns on a blades surface 
to facilitate with cutting or reduce blade friction. 
 
   (5.2) 
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Fig. 5.8: Contact length calculated using Eq. 5.2 for 11 gauge needle with different bevel angles (ξ) *117+ 
Moore et al. *118+ also developed a model for the penetration force of needles using a 
mechanistic approach and the concept of elementary cutting tool (ECT) edges.  The study 
focused on determining the initial cutting force (FN) upon needle insertion into the tissue.  This 
is the force that is required to initially fracture the tissue bonds and begin penetration.  The 
cutting force can be considered as the sum of two components: the cutting edge force (FC) along 
the needle’s inside cutting edge and the force (FL) acting at its leading edges (Eq. 5.3). 
FN = FC + FL      (5.3) 
FC was determined based on dividing the needles cutting edge into a series of infinitesimal 
segments with a cutting width of r dy (Fig. 5.9).  Each segment contributes an infinitesimal force 
based on a specific cutting force experimentally determined with planar blades for different 
inclination (λ) and rake angles (α).  The integration of specific force and cutting width equates to 
the cutting edge force (Eq. 5.4).  A scaling factor S was included to account for differences 
between needle and blade insertion. The differences arise from the fact that a blade creates 
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less tissue deflection than a needle and thereby utilizes less energy and more efficiently applies 
force to the tissue than a needle due to its non-curved geometry *118+. 
 
Fig. 5.9: Definition of ECT segment for modeling cutting edge force *118+ 
     (5.4) 
FL was determined by multiplying needle wall thickness with the specific cutting force for a 
leading edge, defined by its inclination (λLi) and rake angles (αLi), and summing across all leading 
edges (Eq. 5.5).   
     (5.5) 
The initial cutting force can then be determined by combining Eqs. 5.3-5.5 into Eq. 5.6. 
   (5.6) 
 Using the setup shown in Fig. 5.6 specific forces were experimentally found for blades 
with rake angles between 0°<α<80° and inclination angles between 0°<λ<80° to simulate 
different parts of a two plane symmetric needles with bevel angles between 10°< ξ<30° (Fig. 
5.10).   
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(a)  
(b) 
Fig 5.10: (a) Blades exhibiting varying inclination (λ) and rake angles (α) used to simulate different parts of a two 
plane symmetric needle with; (b) 10°, 20° and 30° bevel angles (ξ) *118+ 
 
 
(a) 
 
(b) 
Fig 5.11: (a)Experimentally determined specific force based on inclination (λ) and rake angle (α); (b) Standard 
deviation of results *118+ 
The results of the experimentally determined specific forces are shown in Fig. 5.11 and 
represented by Eq. 5.7, which was fit to the data with an R2 value of 0.97.  To validate the 
model, the cutting force calculations were applied to 5 needle geometries and compared to 
experimental results (Fig. 5.12). 
  (5.7) 
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Fig. 5.12: Experimental validation of mechanistic model *118+ 
This study provided valuable information in the modeling of cutting forces and a 
determination of the effect of both inclination and rake angle on the cutting force.  It was found 
that high inclination angles generate the lowest specific force readings, but also have a high 
standard deviation.  Therefore the ideal design uses a slightly lower inclination angle to reduce 
variability.  In terms of blades designed for corneal incisions, inclination angle is the angle 
between blade facets and rake angle is the blade bevel angle (Fig. 5.13).  Although high 
inclination angles are ideal, they reduce the bending stiffness of the blade and therefore reduce 
the surgeon’s control of the incision direction.  Currently, most blades are manufactured with 
inclination angles between 45° and 80°.  It is important to note that this model does not 
explicitly take blade surface friction into account.   
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Fig 5.13: Relation between Moore et al. *118+ inclination angle (A) and rake angle (C) to geometry of blade for 
corneal incisions 
5.3 Tissue Cutting 
5.3.1 Analysis of Needle Puncture 
Several studies have directly compared the puncture performance of different needles as 
well as their strength and resilience *111-113+.  Thacker et al. *111+ devised a standardized test 
of needle sharpness that can be easily replicated in any laboratory.  The setup consisted of a 
combination of a CR5368 Needle Testing Fixture and an 1122/1123 Universal Testing Machine 
by Instron (Fig. 5.14) *111+.  The membrane used for the testing was a laminated film called 
Medpar 1220 by 3M whose thickness was 0.002 inches. It consisted of a 0.0005 inch layer of 
Mylar film bounded to a 0.00 15 inch sheet of modified polyethylene.  This was chosen for its 
uniformity to compare needles and its similar mechanical properties to tissue.  The film was 
held in tension through a clamping ring and mounted to a load cell for measurements.  Testing 
compared the ultimate puncture force from the needle (Fig. 5.15) as well as SEM images of the 
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tip design and edge quality.  Between blades of similar design the penetration force varied by 
over 100% between manufacturers (PS2 at 11.22g and RE5 at 27.18g in Fig. 5.15) and can be 
linked to the quality of the hone and lack of defects in the blade manufacturing process.   
 
Fig. 5.14: Testbed for measuring vertical puncture force of needles *111+. 
 
Fig. 5.15: Results of needle puncture tests along with needle data *111+ 
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Watkins et al. *112+ conducted similar experiments on the same testbed measuring initial 
and peak penetration force (Fig. 5.16).  In addition to penetration force, bending tests were 
performed on the needle to determine strength (Fig. 5.17).  Medpar 1220 was again used to 
simulate tissue.  Watkins et al. *112+ results show that the choice of needle material does not 
necessarily have a large effect on penetration force (Fig. 5.16), but can significantly improve the 
strength and stiffness of the tool (Fig. 5.17).  Lastly, Kaulbach et al. *113+ used the same 
procedure as Watkins *112+ to compare the sharpness and ductility of a new bevel design to 
that of conventional needles. 
 
Fig. 5.16: Results of needle puncture tests *112+ 
 
Fig. 5.17: Results of needle bending tests *112+ 
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5.3.2 Analysis of Blade Incisions 
Akura et al. *31+ performed a study on incision shape based on the bevel of an 
ophthalmology blade known as a keratome.  This study did not focus on cutting evaluations but 
provided an example system for use in systematically creating incisions.  The study used a 
cutting sharpness machine from Mani Inc. to perform incisions on a variety of test materials to 
simulate tissue (Fig. 5.18).  Soft polyvinyl chloride flat sheets 2 mm thick, polyurethane flat 
sheets 1.1 mm thick, soft polyvinyl chloride balls 35 mm in radius and 2 mm thick cut in half, 
and silicone hemisphere implants 13 mm in radius and 2 mm thick were used.  Fat clay was used 
to fill the hemispherical samples to provide stiffness for incisions.  Due to the non-uniform 
structure of corneal tissue these materials do not directly relate to cutting performance in real 
surgery, but can provide a very consistent  and easy to work with test material with which to 
compare blades. 
 
Fig 5.18: Mani Inc. cutting sharpness machine used for testing *31+ 
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Two patents discuss the effect of blade roughness and coatings on incision quality *18, 
50+.  In *18+, surface roughness measurements were made on steel and silicon blades based on 
the idea that rough blade surfaces can cause tears or rips and even possibly cause a surgeon to 
make an erratic incision.  In *50+, an experiment was conducted to compare the cutting 
resistance of knives with different anti-reflective coatings (Fig. 5.19).  These experiments were 
conducted using a jig to mount porcine eyes, which were subsequently pierced vertically while 
resistance was recorded versus incision depth.  The cornea had a 0.9mm thickness as compared 
to a human eyes 0.5 mm thickness, though the resistances should be similar.  This patent 
provides a method suitable for comparing the feedback felt by the surgeon across the entire 
incision and shows the significant increase in piercing resistance caused by blade surface finish.  
 
Fig 5.19: Piercing resistance for blades exhibiting (1) No anti-reflective coating, (2) Proposed single sided anti-
reflective coating, (3) Anti-reflective coating on both sides *50+ 
Huebscher et al. *20+ performed a similarly designed experiment to *50+ but only 
measured the overall incision energy to compare blades.  This value gives a good rating for the 
overall sharpness and quality of a blade but gives no feedback as to how the blade performs or 
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feels to a surgeon.  In order to perform tests porcine eyes were used.  A 17-mm metal ring was 
glued to the sclera tissue and attached to a weighted jig to stretch the eye across a metal die 
simulating the shape of the anterior chamber (Fig. 5.20).  Incisions were made across the eye 
rather than as a piercing cut so the method is not ideal for testing modern single plane incision 
blades, but the jig used is still relevant for cutting simulation and eliminates the effect of blade 
geometry on incision force.    Table 5.1 shows the results of the study.  As expected, diamond 
blades exhibited significantly better cutting performance over the other materials.  Sapphire 
blades neared the cutting performance of diamond, but had a high variability between blades.  
The blades made from razor fragments (Group A, Table 5.1) also exhibited good cutting 
performance, but are only made as straight edges and are therefore not viable for use in 
penetration incisions. 
 
Fig. 5.20: Testing jig with stretched cornea *20+ 
 
 
 
 
Eye Sample 
Direction of 
Tension 
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Table 5.1: Results of tests measuring incision energy *20+ 
 
Ide et al. *119+ performed an in-depth study of the penetration performance of seven 
different steel blades used in phacoemulsification cataract surgery.  The blades tested are listed 
in Table 5.2 and all exhibit a lance geometry with widths of 2.75 or 2.8 mm and either a dual 
bevel or bevel up design.  In order to test penetration performance, a custom testbed was 
designed utilizing a push–pull scale (Imada, SV52NA-02HH, Tokyo, Japan) to record the 
incisional resistance (Fig. 5.21).  Scleral tissue was used for the incisions and was dissected from 
porcine cadaveric eyes into square test samples with thicknesses between 400-450 µm.  To 
prevent drying tissue was stored in Dulbecco’s Modified Eagle Medium (DMEM, Nissui 
Pharmaceutical Co., Tokyo, Japan) and a drop was placed on each test specimen.  The tissue was 
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held in place using a weighted metal ring mounted on a pedestal stand with a center hole to 
allow clearance for the blade during cutting (Fig. 5.21c). 
Table 5.2: Blades used for incision testing *119+ 
 
 
Fig 5.21: Experimental testbed showing (a,b) alignment of blade from two sides and (c) arrangement of tissue 
holder and blade for testing *119+  
To perform tests using the testbed in Fig. 5.21, the blade was aligned and centered over 
the sample and inserted at a constant speed while penetration resistance, time and travel 
length were recorded.  Figure 5.22 shows an example of one of the blade designs and raw data 
obtained across 15 incisions.  The incision profile varies quite significantly across tests due to 
the inconsistencies among tissue samples.  It was therefore necessary to conduct several tests 
for each blade and apply certain data manipulation to make direct comparisons possible *119+.  
Across all the blades the average peak resistance ranged from 86.4-233 mN.  In addition to peak 
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force, each blade exhibited a distinctly different penetration profile.  Figure 5.23 shows the 
profile for each blade tested (see Table 5.2) with the peak force of each incision normalized to 1.  
The penetration profile is important because it shows the feedback a surgeon will get during the 
incision.  If the profile exhibits a quick peak followed by a rapid drop-off (blade A), the surgeon 
has a much higher likelihood of creating too deep of an incision since tactile feedback decreases 
as the incision continues.  In addition to the blade profiles, the first derivative of penetration 
resistance was also analyzed since it represents how consistent the feedback is to the surgeon.  
The study suggested that high resistance can result in dimpling or dragging of the tissue while 
making incisions, and abrupt changes in resistance (as demonstrated as higher first derivatives) 
may increase the risk of making unexpected tunnel shape cuts and wound malconstruction 
*119+.   
  
Fig 5.22: Blade design (left) and recorded data (right) for the A-OKR SATINSLIT blade from Alcon *119+ 
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Fig. 5.23: Incision profiles of each blade normalized based on peak force *119+ 
The results obtained by Ide et al. *119+ provide a means for comparing several 
commercially available blades for cataract surgery.  The study was not just limited to peak 
puncture force, but also attempted to characterize the cutting behavior experienced by the 
surgeon in terms of the consistency in blade feedback.  However, the study only performed 
incisions on one style of steel blades, at perpendicular angles to the tissue surface and at a 
single insertion speed. 
5.4 Proposed Method for Surgical Blade Analysis 
In section 5.1 several different papers were presented that attempted to analyze or model 
the cutting behavior of instruments in tissue.  However, all of these processes were limited in 
their measurements and were not able to fully evaluate a given instrument.  In terms of 
precision surgical blades used in ophthalmology this is even more apparent since blade feel and 
surgeon preferences play such a large role in blade evaluation.  Therefore, based on the 
Blade A 
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research reviewed in section 5.1 a testbed and method for analyzing precision surgical blades 
will be proposed that fills in these gaps. 
5.4.1 Design of a Testbed for Cutting Analysis 
A testbed designed for evaluating blade cutting performance must be capable of several 
things.  It must be able to accurately and rigidly position the surgical blade relative to the 
cutting medium.  The cutting medium must also be rigidly mounted and allow some form of 
tensioning the material, especially if real tissue is used.  Ideally the mounting of the medium 
would also allow the repositioning of samples to test different incision angles on hemispherical 
samples.  Once aligned the testbed must be capable of performing an incision along a single 
plane, ideally with varying speeds or motion profiles.  During the incision, penetration 
resistance with an accuracy of 1 mN must be recorded.  This can be done from the blade side or 
tissue side, but will most likely provide more accurate readings on the blade side due to the 
more rigid structure of the blade. 
The proposed testbed design would therefore consist of a commercial push-pull scale with 
custom mounting designed for the blade similar to that used by Ide et al. *116+.  The tissue 
sample will be mounted on a rotational gimbal style setup and x-y manual stage to allow 
repositioning as desired.  Additionally a microscope will be aligned to provide visual feedback of 
the insertion process.  Figure 5.24 shows a schematic outline of the proposed testbed.  The 
penetration machine could be sourced from Imada or Instron *113, 116+, with proper selection 
for the measurement range necessary (0-300 mN).  A commercial testing machine is desirable 
since it would most likely produce more reliable force measurement than a custom designed 
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load cell and linear stage.  The sample mount can be created through a combination of manual 
stages such as those available from Thor Labs (2x PT1 Linear Stages, 1x CR1 rotational Stage).  A 
spring loaded or set screw adjustable ring should be integrated into the sample mount to allow 
tensioning of the test medium. 
 
Fig. 5.24: Proposed incision testbed 
Several materials could be used for testing.  The most accurate results would be obtained 
from the use of porcine cadaveric eyes since they exhibit the same tissue structure as human 
eyes.  However, testing on tissue can introduce a large amount of variability into tests.  
Therefore, testing may also be performed on several synthetic materials for comparison strictly 
between blades.  Synthetic materials shown to be a good substitute for tissue include silicon, 
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polyvinyl chloride and derivatives of it such as Phantom gel is by M-F Manufacturing, and 
Medpar 1220 by 3M.  A transparent material such as actual tissue, silicon and phantom gel are 
preferred due to the ability to monitor the incision with a microscope. 
In addition to penetration tests, wear resistance tests should also be performed to 
evaluate the reusability of blades.  This can be achieved by performing repeated incisions into a 
synthetic material such as polyvinyl chloride prior to testing.  These incisions could be made 
using the proposed testbed or a CNC controlled 3-axis micro-machining setup with a suitable 
adapter for mounting the blade installed on the z-axis to automate the process.  If accelerated 
wear is necessary, a harder synthetic material may be substituted. 
5.4.2 Data Acquired and Tests for Blade Analysis 
In order to fully analyze and compare precision surgical blades, several tests should be 
performed.  Prior to performing cutting tests, there are several properties of the blade that 
should be analyzed and recorded.  These include blade stiffness, surface roughness and edge 
radius.  Blade stiffness can be measured as the amount of deflection in the blade when a 
specific moment is applied.  This measurement could be made with the setup proposed in 
section 5.2.1 by simply mounting the blade in the tissue fixture and applying a known load near 
the tip and measuring deflection.  This test could also be performed on a suitable indentation or 
compression machine.  The stiffness of the blade is an important property in that it contributes 
to the ultimate control available to the surgeon and also the amount of deflection likely when 
puncturing tissue or cutting along lamellar structures.  The ultimate strength of the blade in 
bending may also be tested, but it is not very relevant to ophthalmologic surgery since very 
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rarely is a blade broken in use.  Blade surface finish should also be measured using a suitable 
surface roughness measuring device.  Although not directly applicable, surface finish is a 
significant contributor to drag during cutting and could be correlated to incision resistance.  
Lastly, blade geometry and edge radius should be measured through use of an SEM to correlate 
with incision resistance.  It may not be possible to accurately measure edge radius if the 
sharpness is below 50 nm without destruction of the blade, in which case it may be estimated. 
Once basic characterization of the blade has been performed, incision tests using the 
setup proposed in 5.4.1 should be conducted.  Two separate tests could be conducted for each 
blade.  The first test would involve the puncture of a test medium at a specific angle and cutting 
speed.  During the incision, the force from the incision machine (cutting resistance) should be 
measured versus time and cutting depth.  This data can then be analyzed similarly to Ide et al. 
*119+ with specific focus on the peak cutting resistance, the force required to continue the 
incision, and the first derivative of the cutting resistance.  Peak cutting force correlates to the 
sharpness of the blade, while the force to continue cutting is a good measure of blade drag and 
tissue tearing due to the surface roughness of the blade.  Together they help to determine the 
likely amount of damage to the tissue during cutting.  The first derivative of the cutting force 
correlates to the uniformity of the blade cutting performance and feedback to the surgeon.   
The second test performed would involve the creation of constant depth incisions into a 
test medium and the subsequent measurement of the actual depth of cut once the blade is 
removed.  This would therefore need to be performed in a thicker material than the puncture 
tests.  Once performed the test medium could be dissected to view the incision.  Another 
option available if the test medium is transparent would be to apply a colored die to the blade 
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before the incision allowing visualization and measuring of the cut once the blade is removed.  
For a given set of test blades, varying incision angles and speeds should be performed to fully 
characterize the cutting performance of each blade. 
Testing should also be performed to measure the wear resistance of a blade.  Each blade 
should execute a set number of incisions to create significant wear of the cutting edge.  
Depending on the amount of wear and the wear rate, different test materials or an increased 
number of incisions may need to be performed.  Once the blade is worn, the cutting tests 
should be performed again so that the incision profiles of the blade before and after wearing 
can be compared.  Additionally, if edge radius measurements are possible under SEM, these 
should also be repeated and compared.  For highly brittle blade materials the edge radius may 
not change significantly, but development of cracks and blemishes along the edge should be 
observed. 
5.5 Chapter Conclusion 
A review of previous research on analyzing blade cutting performance in tissue found 
several different approaches each with their own benefits.  Tissue modeling was performed in 
terms of tissue failure, flow direction and cutting resistance *114, 115, 117, 118+.  Tissue cutting 
analysis was performed on both needle punctures and blade incisions.  Needle puncture tests 
concentrated on the peak puncture force and the ductility of the needle *111-113+.  Blade 
incision tests measured the cutting power as well as cutting force versus depth to generate a 
blade cutting profile *18, 20, 31, 50, 119+. 
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Using this knowledge a testbed design was proposed with which to perform extensive 
analysis of blade cutting performance.  This testbed would consist of an incision machine 
capable of measuring the low cutting resistance of the blade (0-300 mN) at various cutting 
speeds, combined with an adjustable specimen mount allowing multiple incision angles.  A 
microscope will also be positioned to provide visual feedback of the cutting process.  This 
testbed will be used to record the cutting force versus depth for each incision.  The cutting 
profile will be combined with basic characterization of the blade in terms of bevel angles, edge 
radius, surface roughness and blade stiffness.  Together this data can be used to fully 
characterize a blade in terms of a surgeon’s interests.  Lastly, repeated incisions will be used to 
create wear of the cutting edge.  Cutting tests can then be conducted to compare its 
performance to that of a new blade, thereby defining the reusability of the blade. 
153 
 
Chapter 6 
Conclusions and Recommendations 
6.1 Conclusions 
In this thesis a hybrid manufacturing process combining thermally-assisted micro-molding 
and thermally-assisted micro-drawing was developed to manufacture precision surgical blades 
from bulk metallic glass.  The research was aimed at developing this process in order to 
efficiently manufacture blades from bulk metallic glass as a viable alternative to currently 
available precisions surgical blades.  Research also concentrated in refining the process with 
respect to three criteria: straightness of the edge formed, repeatability of the process, and edge 
radius.  The developed hybrid process was capable of producing straight blade edges 2mm wide 
with <10 µm deviation and an edge radius of <25 nm. 
Conclusions drawn from this work can be grouped into three categories: the conclusions 
that pertain to the development and testing of the hybrid manufacturing process, those that 
pertain to the enhanced performance of the hybrid process and those that relate to the 
evaluation of precisions surgical blades for tissue cutting.  The following list contains specific 
conclusions about the research in each category: 
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Development and Testing of the Hybrid Manufacturing Process 
1. A novel hybrid manufacturing process combining thermally-assisted micro-molding and 
thermally-assisted micro-drawing was developed to create precision surgical blades out 
of bulk metallic glass.  The process was designed based on previous research in micro-
forming as well as initial experimentation with micro-molding and micro-drawing of 
Vitreloy-1.   
2. A testbed was designed and constructed to meet the requirements of the hybrid 
manufacturing process and experiments were conducted using the testbed to study the 
deformation behavior of bulk metallic glass over a range of temperatures (650 – 670K) 
and feedrates (100 - 1000 µm/s) 
3.  Through experimentation, it was possible to identify a good balance between 
elongation and necking in creating a stable edge of small radius.  This balance between 
elongation and necking occurred when both the temperature and feedrate were both 
either high or low.   
4. The driving force behind the balance between necking and elongation was the free 
volume behavior of bulk metallic glass and the formation of nano-crystals.  The ability to 
eliminate free volumes and relative amount of nano-crystallization determine whether 
the material exhibits Newtonian flow, non-Newtownian flow or shear-localization.  Both 
the free volume behavior and nano-crystallization were found to be influenced by the 
atomic mobility of the material, which is based on both the material temperature and 
induced strain.   
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5. The balance between necking and elongation generated three distinct types of 
deformation during drawing.  The first deformation type is characterized by low forces 
and high elongations producing a thin flimsy edge.  The second deformation type is 
characterized by high peak forces and low elongation at failure resulting in aggressive 
necking and a jagged uneven edge.  The third deformation type is characterized by 
intermediate forces and elongation generating a strong, stable, uniform edge. 
6. The experiments conducted were able to create edges with radii of 50 nm.  However, the 
edge of the blade exhibited significant curling and inconsistencies across its width 
making the blade not viable for use in cutting tests to compare its performance.   
Enhanced Performance of the Hybrid Manufacturing Process 
7. A second generation hybrid process was implemented by making several enhancements 
to both the process and testbed to improve blade straightness, edge radius and 
repeatability.  These enhancements included symmetric dies, an alignment flexure and a 
force-limited drawing process.  The adoption of the symmetric dies solved the problem 
of edge curling prevalent in the first generation process.   
8. Experiments were conducted using the enhanced process using three motor currents 
(.083, .108, and .133) and three feedrate limits (500 µm/s, 1000 µm/s and no feedrate 
limit).  The results of these experiments showed straighter blades as well as higher 
repeatability from test to test compared to the first generation process.   
9. Blades manufactured using the second generation process exhibited edges with radii 
<25 nm and with edge straightness variation of <10 µm over the 2mm blade width.   
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10. Two processes were proposed to enable the manufacturing of multi-facet blades:  a 
process based on forces generated by a magnetic field and a multi-stage molding 
process.   
11. Initial testing of magnetic drawing with a modified testbed revealed low forces relative 
to friction and inconsistent heating.  It was concluded that magnetic drawing would not 
be able to produce meaningful results without major changes to the existing testbed.   
Evaluation of Precision Surgical Blades for Tissue Cutting 
12. A review of previous research on analyzing blade cutting performance in tissue found 
several different approaches each with their own benefits.  Tissue modeling was 
performed in terms of tissue failure, flow direction and cutting resistance.  Tissue cutting 
analysis was performed on both needle punctures and blade incisions concentrating on 
puncture force, ductility, cutting power and cutting force versus depth. 
13. A testbed design was proposed with which to perform extensive analysis of blade cutting 
performance.  This testbed would consist of an incision machine capable of measuring 
the low cutting resistance of the blade (0-300 mN) at various cutting speeds, combined 
with an adjustable specimen mount allowing multiple incision angles.   
14. A method for blade analysis was proposed where the cutting profile (cutting force versus 
depth) will be combined with basic characterization of the blade in terms of bevel 
angles, edge radius, surface roughness and blade stiffness to fully characterize a blade in 
terms of a surgeon’s interests.   
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15. A method for gauging blade reusability was proposed where repeated incisions will be 
used to create wear of the cutting edge.  Cutting tests can then be conducted to 
compare its performance to that of a new blade. 
6.2 Recommendations for Future Work 
1. Higher quality dies could be manufactured from S7 tool steel using precision EDM and a 
more thorough polishing method.  The use of higher quality dies should improve blade 
surface finish and straightness.  The edge of the die feature could also be rounded to 
increase die durability. 
2. A control loop for the drawing operation could be developed using feedback from the 
load cell and linear stage to improve the force-limitations implemented in the second 
generation process.  Any improvements to controllability would result in increased 
straightness and smaller edge radii. 
3. Different bevel angles could be tested to investigate their effect on edge formation.  
Complex bevel designs not currently capable of being produced in conventional 
materials (curvilinear and concave bevel angles) could also be manufactured to highlight 
the benefits of the hybrid process.  Both would involve the manufacture of more 
complex dies using EDM. 
4. A new testbed could be constructed specifically designed to perform magnetic drawing 
with measures taken to reduce friction, improve sample temperature monitoring and 
increase magnetic field strength. 
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5. A prototype testbed could be constructed to test the multi-stage molding process 
proposed in chapter 4 and demonstrate its feasibility for producing multi-facet and 
curvilinear blades.   
6. The testbed proposed in chapter 5 could be constructed and used to evaluate different 
surgical blades and blade materials currently in use.   The testbed could also be used to 
evaluate the performance of bulk metallic blades in terms of cutting resistance and wear 
resistance. 
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Appendix 
This appendix includes the code used on the DirectLogic06 PLC as well as the Aerotech 
Soloist controller in order to run tests as described in Table 3.2.  The PLC code is written in 
ladder logic as is typical of most PLCs.  The Aerotech code is written in a proprietary AeroBasic 
code but follows similar format to any typical in-order coding language such as C++. 
Program from DirectLogic 06 PLC used to run tests 
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Program from Soloist controller used to control drawing 
 
